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ABSTRACT
The simple operational and maintenance requirements of slow sand filtration (SSF), coupled 
with its high biological tieatment efficiency makes it an attractive technology. The main 
limitation of SSF is its vulnerability to high suspended solids loadings. Pre-treatment in such 
instances can be achieved by gravel filtration. Cases of gravel pre-filtration underperformance 
have been attributed to significant fractions of influent suspended particles in the colloidal range. 
Maximum limits of turbidity for the application of gravel pre-filters have also been suggested.
A simple intervention to overcome such water quality constraints can be through the dosing of a 
coagulant (aluminium sulfate) upstream of tlie pre-filtration stage; enhancing the pre-treatment 
efficiency, in what could be defined as direct (gravel) filtration. Previous studies have 
investigated its use as a pre-treatment for SSF; however, the results emphasise pre-filtration 
treatment efficiency and do not consider the effectiveness of the pre-treatment in protecting the 
slow sand filters. Also, because of the potential toxic effects of A1 residuals, its upstream use in 
relation to a biological SSF treatment has never been properly evaluated.
The objectives of this study were: assess the efficiency as well as the effectiveness of chemically- 
enhanced up-flow gravel filters in series (UGFS) as pre-treatment for SSF and study the impact 
of aluminium residuals on the treatment performance and potential effects on biological activity.
Preliminary experiments and first set of runs with chemically-enhanced pre-filter showed 
evidence of wall-effects due to the media size/column diameter ratio. This experimental design 
shortcoming was thought not to have affected the overall trends of results and was addressed for 
the set of pilot-experiments on which most conclusions aie based. The results from the 
experimental work have shown that chemically-enhanced gravel pre-filtration can be effective 
only if coagulant dose is caiefully controlled. Contrary to previous research, it was found that 
when resorting to chemically-enlianced pre-treatment (with alum) turbidities of less than 2 NTU 
(nephelometric turbidity units) should be targeted for in order to ensure an efficient and effective 
SSF pre-treatment. Such control will minimise A1 residuals that can otherwise cause a premature 
blockage of the slow sand filter by A1 hydroxide precipitates even with influent turbidities below 
10 NTU. This was speculated to occur possibly due to size and mechanical properties of deposits 
retained on the uppermost layers of the SSF beds. A1 spéciation analyses revealed that A1 
residuals from chemically-enhanced pre-filtration were found to be mostly of inorganically- 
bound Al. This fraction consisted mainly of A1 in its form which is considered to be potentially
more bioavailable (and possibly toxic) to aquatic (micro)organisms. However, slow sand 
filtration column trials found that filters dosed with the potentially more labile form of Al did not 
show any significant difference in terms of treatment performance parameters and biological 
activity indicators. It has been demonstrated that chemically-enhanced pre-filtration (with alum) 
may not be an effective pre-treatment on the basis that it may cause an eaiiy blockage of the 
slow sand filters. There was no evidence of effect of Al on biological treatment of the slow sand 
filtration process.
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1 INTRODUCTION
Slow sand filtration (SSF) offers an attractive water treatment option which, due to its many 
advantages, is suitable for small and large communities. SSF is a unique and well established 
biological process for drinking-water treatment that can achieve significant improvements in 
terms of microbiological, physical, and chemical parameters. It is, however, particularly 
sensitive to influent waters of high turbidity (solids content). High influent turbidities can have 
an adverse effect on the reliability of the process in terms of continuity, i.e. frequent blockages 
that requires subsequent skimming, or negative effects on the biological activity, which supports 
some of the purification mechanisms within the filter.
Pre-treatment Slow sand filtration Disinfection
Raw water
Removal o f  coarser solids and some Removal o f  finer material and 
micro-organisms micro-organisms
Final safety 
barrier
Figure 1.1. Conceptual multiple barrier water treatment system (modified from Galvis e t al., 1998).
The limitations of SSF can be overcome with appropriate combinations of pre-treatment stages. 
Pre-treatment has been of paramount importance in the successful application of SSF in tropical 
countries (Pardon, 1989; Galvis, 1999). Gravel filtration, or roughing filtration, has been the 
focus of attention in the past two decades due to its effectiveness, simplicity, and reliability as 
pre-treatment, providing (together with SSF) a multiple-barrier system (Figure 1.1). This 
treatment approach relies on more than one purification stage (or barrier) which, during the 
treatment process, will progressively remove contaminants and consistently produce a safe and 
wholesome water (Galvis et al., 1994). Gravel filtration and SSF are combined in what is also 
known as multi-stage filtration (MSF) (Figure 1.2).
y'W “ m
'i 'i
Gravel pre-filtration (up-flow filter in series) Slow sand filtration
Figure 1.2. Multi-stage filtration (MSF) system (gravel pre-filters + slow sand filters).
In the last decade, research in gravel filtration has focused, in part, on the enhancement of the 
pre-treatment process with coagulants (i.e. direct or contact gravel filtration). The principal 
objective of such a simple amendment to the pre-treatment stage is to broaden the range of 
waters (e.g. seasonally high turbidities or highly colloidal suspensions) that can be subsequently 
treated by slow sand filters. These investigations mainly emphasised on the efficiency of 
chemically-enhanced gravel filters on the removal or reduction of selected parameters (e.g. 
turbidity, colour, algae); little or no consideration to the pre-treatment effectiveness was given. 
The effectiveness of the pre-treatment is defined as the ability of the process to achieve a desired 
effect (i.e. the protection of slow sand filters against premature clogging).
The use of aluminium sulfate as the coagulant of choice in most chemically-enhanced pre­
treatment studies is a reflection of its globally wide availability and use in water treatment. One 
of the by-products of coagulation with aluminium sulfate can be a residual concentration of 
aluminium in the (pre-)treated water. This metal is ubiquitous in nature and can be potentially 
toxic. As such, there is an inherent concern that residuals from an Al-based coagulant pre­
treatment could affect the biological activity slow sand filter, possibly compromising its filtration 
efficiency.
1.1 Organisation of thesis
A state-of-the-ail literature review of the multi-stage filtration and the recent developments in 
chemically-enhanced gravel pre-filtration (with supporting coagulation and flocculation 
literature) are presented in Chapter 2. Concepts related to Al chemistry, toxicity, and 
bioavailability are discussed in Chapter 3; providing a basis on which to assess the possible 
impacts of this metal on microbial activity in SSF. Chapter 4 summarises key points identified in 
the literature survey that formed the basis for the formulation of the hypothesis and objectives of 
the study. In Chapters 5 to 7 the experimental work conducted is detailed and results are 
presented and analysed. The general discussion of the findings, conclusions and 
recommendations for further resear ch ar e presented in Chapter 8.
2 FILTRATION LITERATURE REVIEW
2.1 Slow Sand Filtration (SSF)
2.1.1 Historical background
The treatment process of filtering water tlirough a layer of sand probably originated from the 
observation of the good quality of certain groundwaters and the attribution of those 
characteristics to its passage through natural soils (Hespanhol, 1987). According to Baker 
(1948), the “Lancashire Filter” was the crude forerunner of the slow sand filter and was built in 
Lancashire (England) for a bleachery, possibly before 1790. Another primitive version of a slow 
sand filter was designed in 1804 by John Gibb in Paisley, Scotland (Baker, 1948). This filter was 
also used originally for a bleach works. It became the first known city-wide filtered water supply 
in the world, because its water was distributed to the residents of Paisley (Baker, 1948).
Modern-day filters have their roots in the Scottish and English slow sand filter designs of Robert 
Thom and James Simpson (Baker, 1948), respectively. Thom’s filters were put into use in 1827 
and had two main elements, a false bottom and reverse-flow backwash, which were the basic 
featui'es of rapid sand filtration later developed in the United States of America (USA). James 
Simpson was a contemporaiy of Robert Thom. Simpson’s slow sand filter design resulted from 
experimental work and visits to filters in the north of England and south of Scotland (Baker, 
1948). In 1829 the first English slow sand filters were installed at the Chelsea Water Company. 
Simpson’s design criteria formed the basis of the widespread modern-day practice.
At first the treatment objective of slow sand filters was mainly in the removal of suspended 
solids (SS). Microbiological improvements in slow sand filter water quality were only 
appreciated after the fundamental milestones of microbiology had been laid by Louis Pasteur and 
Robert Koch in the latter half of the 19‘^  centuiy. By then SSF units were being used to treat 
public water supplies throughout continental Europe (Hazen, 1908) and the east coast of the 
USA (Baker, 1948). However, the development of rapid sand filtration and disinfection probably 
led to a marked reduction in the application of slow sand filters. Renewed interest in SSF 
technology only came in the final quarter of the 20‘* century because of its efficiency in relation 
to various water quality parameters, including pathogen removal, and simplicity in operation and 
maintenance. These chai’acteristics made it an ideal technology for applications in both 
developed and developing countries, reflecting the more stringent drinking water supply 
regulations and the need for an efficient and low-cost surface water treatment technology.
2.1.2 Design characteristics of slow sand filters
Basic features of slow sand filtration units are the supernatant, filter bed, and flow control and 
drainage systems (Figure 2.1). In general, slow sand filters should be operated continuously at a 
filtration rate of around 0.1 to 0.4 m^/m^h. Table 2.1 summarises construction and operation 
design criteria for slow sand filters (Pyper and Logsdon, 1991).
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Figure 2.1. Elements o f  an outlet controlled slow sand filter (Huisman and Wood, 1974).
Design Criteria A
Recommendation 
B C D
Period o f  operation not stated 24 hr/day 24 hr/day 24
Filtration rate (m^/m^h) 0 .08 -  0.24 0.1 - 0 .4 0.1 - 0 .2 0.1 - 0 .3
Depth o f  sand (m)
Initial 0.8 1.2 0 .8 - 0 .9 0.8
Minimum 0.7 0 .5 - 0 .6 0.5
Sand effective size (e.s. in mm) 0 .3 0 -0 .4 5 0 .1 5 -0 .3 5 0 .1 5 -0 .3 0 0 .1 5 -0 .3 0
Sand uniformity coefficient (u.c.) ^ 2 .5 < 3, prefer < 2 < 5, prefer < 3 <4, prefer < 2
Depth o f  support media including underdrains (m) 0 .4 - 0 .6 not stated 0 .3 - 0 .5 0.25
Depth o f  supernatant (m) ^ 0 .9 1 - 1 . 5 1 0.75
Freeboard (m) not stated 0 .2 - 0 .3 not stated 0.1
A -  Great Lakes -  Upper Mississippi Board o f  State Sanitary Engineers (1987)
B -  Huisman and Wood (1974)
C -  Visscher et al. (1987)
D -  Galvis et al. (1998)
Flow control in slow sand filters can be either at the inlet or outlet. Outlet control systems need 
to be adjusted frequently to compensate for increasing headloss development in the sand bed. 
Inlet controlled filters do not require such adjustments, as an associated increase in the 
supernatant level compensates for the headloss increase. Huisman and Wood (1974) advocated 
against the use of inlet controlled filters in preference to outlet controlled filters. However, Di 
Bernardo and Alcocer Carrasco (1996) found no significant difference between the two modes of 
SSF in terms of performance.
The supernatant provides the hydraulic head necessary to drive the water through the filter bed 
where most of the purification processes take place. The filter bed is a layer of finely graded
sand which is characterised by an effective size diameter (dio = size of the sieve opening 
allowing 10 % of the sand to pass) and unifoimity coefficient (uc = deo/dio). Pyper and Logsdon 
(1991) report dio values ranging from 0.15 to 0.45 mm; finer gradings being the more 
conservative design approach. Uniformity coefficient values varying between 2 to 5 are reported 
in the literature (Pyper and Logsdon, 1991); despite this range, the consensus is that a Uc of less 
than 2 is preferred to maintain a good bed porosity.
As the water percolates through the slow sand filter a filter skin foims which is also known as 
the schmutzdecke (“dirt blanket”, in Geiman). This matting consists of organic and inorganic 
substances, as well as a diverse ecology that includes various macro- and microbiological 
components, such as algae, vimses, plankton, bacteria, protozoa, and rotifers (Huisman and 
Wood, 1974; Ellis, 1985). Below the schmutzdecke is a biologically active zone (zoogleal layer) 
of 300 to 400 mm where biological purification mechanisms are also thought to take place. 
However, it should be noted that definitions of the '‘''schmutzdecke'^ and the “biologically active 
layer” vary in the literature (Weber-Shirk and Dick, 1997a). A combination of physico-chemical 
and biological puiification mechanisms takes place within a slow sand filter; a maiiced featuie of 
the biological purification process being the removal of pathogens
Initial filter bed depths vary between 0.8 to 1.4 m (Ellis, 1985; Pyper and Logsdon, 1991). 
Headloss across the filter generally increases in time until thioughput flows cannot be sustained; 
most headloss increase occurring across the schmutzdecke (Weber-Shirk and Dick, 1997a). At 
this stage the filter bed is drained and “skimmed” to reduce headloss to an acceptable level; 
typically 25 to 80 mm of sand media being removed by skimming. This operation restores the 
filters permeability and can only be repeated a limited number of times until the minimum bed 
depth is reached (Table 2.1).
2.1.3 Biological purification mechanisms
Biological mechanisms are those requiring (or which are enhanced by) the biological activity of 
the microorganisms in suspension or colonising the filter media (Weber-Shirk and Dick, 1997b). 
The first pmification mechanisms to take place are in the supernatant, where the levels of 
sunlight and nutrients are such that algae proliferate, absorbing carbon dioxide, nitrates, and 
phosphates and releasing oxygen. The latter reacts with organic impuiities forming inorganic 
salts {e.g. sulphates, nitrates, and phosphates). In addition, nitrogenated compounds aie oxidised 
forming nitrates that are easily assimilated by algae (Huisman and Wood, 1974; Wotton, 2002).
Wotton (2002) pointed out that that exopolymers secreted from organisms may promote the 
flocculation and aggregation of particles within the supernatant. Also, bacterial predation by 
migrating protozoans in the lower depths of the supernatant have been proposed by Burman and 
Lewin (1961).
On top of and within the sand bed of the slow sand filter a diverse ecology of micro- and 
macroorganisms contribute to the overall biological treatment achieved. The biological 
purification phenomena in SSF have been reviewed by Haarhoff and Cleasby (1991) and form 
the basis of the mechanisms subsequently described with up-to-date supplementary literatui e.
Predation -  The evidence of predation is convincing. According to Haarhoff and Cleasby 
(1991), algae and diatoms were foimd in the guts of benthic invertebrates. Strong evidence of 
bactivory by protozoa was presented by Lloyd (1996) and Weber-Shirk and Dick (1999). 
Predation can occur on the surface of the sand grains or by suspension feeding predators 
removing suspended paificles and bacteria.
Scavenging -  A considerable amount of detritus is scavenged mostly by aquatic worms in the 
lower strata of slow sand filters (Haarhoff and Cleasby, 1991). In the schmutzdecke macro­
invertebrates, e.g. oligochaetes and laival midges, feed on micro-organisms, exopolymers, and a 
range of detritus particles (Wotton, 2002).
Natural inactivation (die-off) -  In the relatively hostile SSF environment most organisms 
(residents of the mammalian gut) entering the filter will perish. Pathogenic organisms cannot 
thrive in slow sand filters due to their inability to multiply at temperatures below 30° C, the 
limited availability of sufficient organic matter (of animal origin), and the feeding habits {e.g. 
predation) of other organisms present (Huisman and Wood, 1974). However, Weber-Shirk and 
Dick (1997b) found that the removal contribution of Escherichia coli die-off in experimental 
slow sand filters was not significant.
Metabolic breakdown -  Microbial breakdown occurs within the schmutzdecke and zoogleal 
layer and accounts for the partial reduction in organic carbon levels. The bacterial population 
retrieves energy for growth and metabolic functions (assimilation) through microbiological 
oxidation of available organics. Die-off also occurs, liberating organic matter that is utilised by 
other organisms at lower depths. Huisman and Wood (1974) also stated that '^the whole o f the 
degradable organic matter present in the raw water is gradually broken down and converted 
into water, carbon dioxide, and relatively innocuous inorganic salts such as sulfates, nitrates
and phosphates to be discharged in the filter effluent.H aarh o ff and Cleasby (1991) made a 
point in that the process stated by Huisman and Wood (1974) is not as complete as suggested.
Adsorption -  Adsorption per se is a physico-chemical process. Nevertheless, Lloyd (1996) 
suggested that protozoan grazing of attached bacteria was probably playing an important role in 
maintaining sand surface area available for further adsorption. Hence, it caimot be seen as an 
exclusively physico-chemical process, as it can be influenced by biological activity.
Increased “stickiness” of sand surface (and particles) -  The presence of extracellular 
secretions (i.e. biofilms) in the zoogleal layer could conceivably result in greater retention of 
inorganic colloidal particles as proposed by Bellamy et al. (1985). Conversely, Weber-Shirk and 
Dick (1997b) found evidence that biofilm contribution to paiticle removal could be small and 
that particles greater than 2 pm were not affected by biological mechanisms. To date no studies 
have directly verified the significance of sand surface biofilms on particle removal. Weber-Shirk 
and Dick (1997b) considered that active attachment of microorganisms in suspension by 
extracellular polymer production was insignificant in SSF.
Bactericidal effect of sunlight and algae -  Radiation could affect bacteria in the supernatant 
and extracellular algal products can increase bacterial mortality over long periods, although these 
(speculated) mechanisms are not proven to occur or contribute significantly in SSF (Haarhoff 
and Cleasby, 1991). In addition to the bactericidal effect of sunlight, Wotton (2002) suggested 
that UV light can also add to the break down of dissolved organics into by-products that are 
more susceptible to bacterial assimilation.
Many of the mechanisms described have been hypothesised to occur in SSF based on 
extrapolations from naturally occurring phenomena in biological systems. This may be due to the 
difficulty in the isolation of one particular mechanism and relating it to the overall SSF process 
which is a combination of other biological and physico-chemical filtiation processes working in 
tandem.
2.1.4 Physico-chemical mechanisms
Physico-chemical purification mechanisms are defined as those which do not require biological 
activity to take place within the filter (Weber-Shirk and Dick, 1997a). The principal mechanisms 
(transport and attachment) taking place in SSF have been extiapolated from rapid sand filtration 
(RSF). Limitations of such an approach should be acknowledged, since in RSF particles have
often been previously destabilised by coagulant addition, the flow rates and medium grading are 
considerably higher in RSF, and biological activity is assumed to play no significant role.
Physico-chemical filtration is considered to be a two step process requiring the transport and 
subsequent attachment of the particle on to the porous media. Transport mechanisms are those 
responsible for the collision between the suspended paiticle and the collector. Attachment refers 
to the mechanisms that keep particles adhered to the media once collision has occurred. Models 
relative to filtration theory are discussed later (2.2.3 Filtration theory applied to gravel filters).
(i) (ii)
/
Figure 2.2. Physico-chemical transport mechanisms in slow sand filters, (i) straining; (ii) inertial 
impaction; (iii) interception; (iv) sedimentation; (v) impaction; (vi) straining on previously 
removed particles (based on diagram by Rubenstein and Koehl, 1977 -  cited by Wotton, 2002).
Transport. This mechanism is the means by which particles collide with each other and to the 
media grains (also termed collectors) including: straining, interception, sedimentation, inertial 
forces, hydrodynamic effect, diffusion, mass attraction, and electrostatic and electrokinetic 
attraction. Some of these mechanisms are illustrated in Figure 2.2.
Straining, (i) and (vi) in Figure 2.2, talces place mostly on 
the upper surface of the filter bed when down-flow filters 
are considered. It consists of the retention of particles too 
big to pass through the pores between sand grains. 
Accordingly (Figure 2.3), a spherical grain size of 150 pm 
would render pores of 20 pm in diameter that would retain 
particles of the same or larger size (Huisman and Wood, 
1974). Yet, this mechanism does not explain the effluent 
quality of SSF as colloidal paificles (that can make up most
cL = 0.155 d
\m O  4 0 3 7 0
Figure 2.3. Relation between grain size 
and pore size (Huisman and Wood, 1974).
of the turbidity), viruses, and bacteria can be removed. Agglomeration of particles and ripening 
of the schmutzdecke (constriction of openings) can increase the effectiveness of this mechanism.
Within the sand bed some particles follow the streamlines that 
constitute the interstitial flow (Figure 2.4). When these 
streamlines approach the collector, at distances shorter than the 
particle radius, interception occurs, (iii) in Figure 2.2. Hence, 
the particles are brought into contact with the grain surface by 
virtue of their own size. It is the only transport mechanism that 
does not require the particle to move across the streamlines 
(Ives, 1975).
■and g rains
Figure 2.4. Streamlines within a sand 
bed (Hendricks, 1991).However, the role of interception as a mechanism is open to 
discussion. Ives (1975) recognised that interception has been regarded as a filtration mechanism, 
but that it could be characterised as a dimensionless ratio: I = dp/dc. Where dc and dp are the 
waterborne particle and grain (or pore) diameters, respectively. Greater values of I will lead to 
more efficient particle capture and as it approaches 1.0, straining becomes the dominant 
mechanism. Amirtharajah (1988) also acknowledged that interception was considered a distinct 
transport mechanism in early filtration studies. Though, in more recent research it has been 
incorporated as a boundary condition for attachment resulting from diffusion and sedimentation 
(Amirtharajah, 1988).
Due to inertia, (ii) in Figure 2.2, particles with a high density tend to maintain their direction of 
flow, abandoning their original streamlines as these change directions. The impact of particles on 
the media due to inertia is directly proportional to the density and diameter of the particulates 
and the filtration rate applied, in addition to being inversely related to the density of the fluid and 
diameter of the collector grains (Hespanhol, 1987). Inertia is said to be an important mechanism 
in air filtration, as the viscosity of this air is low; which is not the case with water, therefore 
inertial effects are not considered to be very significant in SSF (Hespanhol, 1987). Although this 
statement regarding this mechanism in relation to slow sand filtration was based solely on a 
theoretical consideration.
Particles can acquire rotation as there is a velocity gradient within interstitial pores. Such rotation 
can be aided by the particle shape to cause a more uncontrolled motion (similar to diffusion) that 
can lead to collision with collector surfaces. This transport mechanism is known as the
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hydrodynamic effect or retardation (Hespanhol, 1987). Its practical significance in relation to 
SSF has not been studied.
In sedimentation, (iv) in Figure 2.2, particles may tend to abandon their streamline and settle on 
to the top surfaces of grains depending on their density and diameter. Even allowing for the areas 
facing downwards and in contact with other grains, there is a large surface area available for 
sedimentation (Huisman and Wood, 1974). This mechanism is principally governed by Stokes 
law, which assumes discrete and spherical particles in laminar flow. Stable colloidal (less than 1 
pm) particles would be far less effectively removed by simple sedimentation because of the 
greater effect of other mechanisms such as electrostatic repulsion and diffusion.
The effect of thermal energy on water molecules produces a random movement of the suspended 
paificles known as diffusion, or Brownian movement. As such, paificles change streamlines 
and collide with grain suifaces. Diffusion is most significant for particles smaller than 1 pm 
(Yao et al., 1971); particles larger than this aie not as affected by thermally induced molecular 
agitation of water.
Mass attraction (Van der Waals force) operates universally and can contribute to the transport 
mechanism, but only when suspended paificles are very close to the collector surface, 
supplementing other forces. Mass attraction also contributes to attachment mechanisms 
(Hespanhol, 1987).
Coulomb forces, or electrostatic and electrokinetic attractive forces, also contribute to the 
total transport mechanism, but are thought to have a principal role in holding paificles that have 
already contacted the sand grain, i.e. attachment (Huisman and Wood, 1974).
Diffusion, interception, and sedimentation are considered to be the most predominant transport 
mechanisms according to the trajectory approach (2.2.3 Filtration theory applied to gravel 
filters) to filtration theory (Yao et al., 1971). As in most filtration theory models, these 
considerations on the mechanisms have been based on rapid sand filtration studies. Furthermore, 
in slow sand filters biological growth on sand grains could conceivably influence capture 
transport mechanisms. Such considerations must be taken into account when interpreting 
removal mechanisms in SSF.
Attachment. Transport of suspended particles brought into contact with the grain surface is not 
sufficient for its removal. Electrostatic attraction. Van der Waals force, and adhesion are
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considered the main attachment mechanisms holding particles in place once contact with the 
grain surface has occurred (Huisman and Wood, 1974), complementing the removal process. 
Furthermore, these forces are sometimes referred to under the general heading of adsorption.
Electrostatic attraction occurs between opposite charges. It is an attachment mechanism 
proposed by Huisman and Wood (1974). However, it would not explain the removal of 
negatively charged particles by negatively charged sand grains in a sand filter. It was 
hypothesised that firstly all sand grains are negatively charged and would attract positively 
charged particles until oversaturation occurs, effectively giving the grains a positive charge. 
Then the attraction of negatively charged particles talces over until a similar reversal of charge 
occurs with the opposite polarity (Huisman and Wood, 1974) and so on. Yet, Haarhoff and 
Cleasby (1991) pointed out that this does not seem plausible as most particulates are negatively 
charged aroimd the neutral pH. Jorden (1963), cited by Haarhoff and Cleasby (1991), considered 
in his hypothesis the role of polyvalent cations as bridges between negatively charged particles 
and the negatively charged sites on the schmutzdecke.
Van der Waals forces are also mentioned as a force contributing to particulate attachment. 
However, mass attraction must first overcome a possible electrostatic repulsion barrier (Haarhoff 
and Cleasby, 1991) between particles and collectors with the same charge.
Adhesion is viewed as the attacliment of particles assisted by biological activity (Huisman and 
Wood, 1974; Haarhoff and Cleasby, 1991). The biofrlm, on the schmutzdecke and zoogleal layer, 
is responsible for this process. Bellamy et al. (1985) speculated on knowledge extrapolated from 
previous studies in wastewater treatment which suggested that extracellular' polymers could 
destabilise clay and bacteria, enhancing the attachment process. Protozoan grazing also plays an 
important role in sustaining adsorption (Lloyd, 1996).
Hence, it is apparent that biological processes have an influence on physico-chemical 
mechanisms of removal and that neither of the two acts independently.
2.1.5 Slow sand filtration efficiencies and limitations
The mechanisms previously discussed contribute, in different degrees, to the overall quality 
improvements in SSF. This can be evaluated in physical, chemical, and microbiological terms. 
The degree of purification achieved in SSF is such that, in addition to being a simple, reliable, 
and efficient technology, it can also be capable of reducing the amount of chemicals needed for
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terminal disinfection (Galvis, 1993). Table 2.2 presents the reported treatment efficiencies of 
slow sand filters compiled by Galvis (1999).
Table 2.2. Treatment efficiencies o f  slow sand filtration from Galvis (1999).
Water Quality 
Parameter
Performance or 
Removal Capacity Comments Reference
Enteric bacteria 90 to 99.9% Reduced by low temperatures; increased hydraulic rates and 
coarse and shallow sand beds; and decreased contaminant 
level
Cleasby et al. (1984); Schellart
(1988); Sniet and Visscher
(1989)
Enteric viruses 99 to 99.99% At 20“ C: 5 logs at 0.2 mVm^h and 3 logs at 0.4 mVm^h. At 
6“ C: 3 logs at 0.2 mVm^h and 1 log at 0.4 mVm^h
Poynter and Slade (1977); 
Wheeler g/ a/. (1988)
Giardia cysts 99 to 99.99% High removal efficiencies, even directly after cleaning 
(removal o f filter skin)
Bellamy et al. (1985); Logsdon, 
(1987)
Cryptosporidium > 99.9% Cryptosporidium oocysts. Pilot scale studies Timms et al. (1995)
Cercaria 100% Virtually complete removal Ellis (1985)
Turbidity <1N TU The level o f turbidity and the nature and distribution of 
particles affect treatment capacity
Slezak and Sims (1984); Smet 
and Vissher (1989)
Pesticides 0 to 100% Affected by the rate of biodégradation Lambert and Graham (1995)
DOC 5 to 40% Mean around 16%. Removal appears to be site specific and 
varies with raw water and O&M
Lambert and Graliam (1995)
UV-absorbance 
(254 nm)
5 to 35% A slight, but not significant difference in treating upland and 
lowland water sources. Mean 16-18%
Lambert and Graham (1995)
True colour 25 to 40% Colour associated witli organic material and humic acids. 
30% being the average
Ellis (1985); Smet and Vissher 
(1989)
UV-absorbance 
(400 nm)
15 to 80% Mean 34%, but upland water sources 42% and lowland water 
sources 26%
Lambert and Graliam (1995)
TOC; COD < 15-25% Total organic carbon; Chemical oxygen demand Haarhoff and Cleasby (1991)
AOC 14 to 40% Assimilable organic carbon Lambert and Graham (1995)
BDOC 46 to 75% Biodegradable dissolved organic carbon. Mean 60 % Lambert and Graham (1995)
Iron, manganese 30 to 90% Fe levels > 1 mg/1 reduce filter runs Ellis (1985); Di Bernardo (1993)
In general, the influent for SSF must be of the highest quality possible. The direct use of SSF is 
limited by water quality characteristics. That is, different aspects of water quality (e.g. 
solids/tui'bidity, algae, iron, dissolved oxygen, nutrients) can affect the duration of a filtration inn 
or impact on the performance or exceed the removal capacity of the process. Turbidity by itself 
may not be sufficient to determine the adequacy of waters for SSF application (Cleasby, 1991; 
Hendricks, 1991). However, it does not require advanced analytical skills or specialised 
apparatus for determination; neither of which may be present in a small to medium community 
setting, pailicularly in developing countries. Furthermore, the fiequent citing of maximum 
influent turbidities of 10 Nephelometric Turbidity Units (NTU) has led many designers to adopt 
this value as the simple “rule-of-thumb” for the application of SSF. Yet, water quality limits for 
the effective use of the process varies in the literature (Table 2.3).
The most commonly cited effect of a high solids loading (Galvis, 1999) is the blockage of the 
filter by particulates causing an excessive increase in headloss and consequently a short duration
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of filter runs. In such circumstances, the SSF unit can only restait after the appropriate 
maintenance procedures are undertaken (i.e. skimming of schmutzdecke and/or cleaning of 
sand). Exceptionally low solids loadings on slow sand filters are likely to be the determining 
factor in the long filtration runs of up to 6 years reported at the Zurich Water Supply in 
Switzerland (Mauclaire et al., 2004). Excessive solid loadings also create adverse conditions for 
the filter biomass, le. solids even in short peaks can bury bacterial predators (Lloyd, 1974; 
Lloyd, 1996) and hence reduce the pathogen removal capacity of the filters, destroying the main 
advantage of this technology.
T able 2.3. Water quality limits (maximum) for slow sand filtration application.
Turbidity (NTU) Other parameters Reference
20 Anonymous (n.d.)
25 Pescod (n.d.)
1 0 - 5 0 Ellis (1985) -  citing others
10 Suspended solids: 5 mg/L Wegelin (1986)
50 Hespanhol (1987)
2 0 - 3 0 Visscher et al. (1987)
1 0 -2 0 Pardôn (1989)
5 Chlorophyll-a:
Iron:
Manganese:
5 mg/m^ 
0,3 mg/L 
0.05 mg/L
Cleasby (1991)
10 Hendricks and Bellamy (1991)
5 - 1 0 True colour-,
UV absorbance (254 nm): 
Algae:
Dissolved oxygen: 
Phosphate (PO4): 
Ammonia:
Total iron:
1 5 - 2 5  TCU  
0.080 UA  
200 units/mL 
>  6 mg/L (minimum) 
30 mg/L 
3 mg/L 
1 mg/L
Spencer and Collins (1991)
10 Total coliforms: 
True colour: 
Algae:
Iron
Manganese
1000 M PN/100 mL 
5 (TCU)
250 units/mL 
1 mg/L 
0.2 mg/L
Di Bernardo (1993)
1 0 -2 0 W egelin (1996)
10 Faecal coliforms 
Iron:
Manganese:
1000 cfu/100 mL 
1 mg/L 
0.2 mg/L
Galvis (1999)
n.d. =  no date
There is no reported minimum temperature limit for SSF application, which in theoiy is just 
above freezing point. However, at lower temperatures filters may have a reduced biological 
treatment efficiency or require longer ripening periods (Huisman and Woods, 1974; Bellamy et 
ah, 1985; Pyper and Logsdon, 1991). Another water quality criterion that can be a limiting factor 
in SSF performance is the raw water nutrient content. Low-nutrient concentrations coupled with 
low winter temperatuies can hinder the ripening period as well as the filter performance 
(Hendricks and Bellamy, 1991), According to Weber-Shirk and Dick (1997b), in addition to
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upper limits in relation to the concentrations contaminants in the raw water (as seen in Table 
2.3), the SSF process may also have further requirements relating to the minimum levels of 
certain substances (not specified) for effective particle removal.
Accordingly, the application of slow sand filtration should be based on pilot studies taking into 
consideration as many relevant factors as is practicable under the circunmstances. Pre-treatment 
may be necessary if raw water characteristics exceed the values presented in Table 2.3.
2.2 Gravel Pre-Filtration
The limitations of SSF can be overcome with appropriate combinations of pre-treatment stages. 
Several methods of pre-treatment are available {i.e. riverbank filtration; modular sub-sand 
abstraction system; plain sedimentation; gravel filtration). Gravel (coarse media) filtration has 
been the focus of much attention over the last two decades. This is due to its robustness, 
effectiveness, simplicity, reliability, and adaptability (together with SSF) to the multiple-barrier 
strategy and integrated water treatment concept. The multiple barrier strategy relies on more than 
one purification stage (or barrier) during the treatment process to progressively remove 
contaminants and consistently produce safe and wholesome water (Galvis et a l, 1994; Geldreich 
and Craun, 1996). In integrated water treatment the potentials and limitations of each treatment 
step are quantified and balanced in relation to the removal of contaminants of different types 
(Lloyd et a l, 1991).
D ynam ic (intake) filter
D o w n -flo w
filter
U p -flo w  filter 
(in  series)
H orizon ta l-flow
filter Î r  ! r
U p -flo w  filter 
(in layers)
!  ! I
Figure 2.5. General layout o f  gravel pre-filters (not to scale).
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Typically, gravel pre-filters have media which becomes progressively finer either within the one 
filter or within a series of units. Filters can be configured either in horizontal-flow, down-flow or 
up-flow (Figure 2.5). Pre-treatment with gravel filters can be grouped according to their function 
(Galvis et a l, 1993a), le. conditioning or roughing. The conditioning stage is intended to cope 
with coarser suspended solids and is usually located at the intake of the treatment scheme. The 
roughing stage should be able to remove finer paificles and microorganisms. This category can 
be further classified based on the direction of flow through the gravel bed, le. horizontal or 
vertical (up-flow or down-flow), and according to the filter configuration, le. in series or in 
layers. Together with slow sand filters they have become known as multi-stage filtration (MSF) 
systems. In combination with terminal disinfection, MSF systems can provide a safe and 
wholesome drinking-water (Galvis et al., 1998).
The different SSF influent quality limitations summarised in Table 2.3 can be viewed as 
preliminary pre-treatment performance objectives. The effectiveness of the gravel pre-filtration is 
not assessed only by its efficiency in achieving reductions in specific parameters. Pre-treatment 
effectiveness is determined by the quality of its effluent and its ability to maintain adequate slow 
sand filter effluent quality; as well as acceptable run cycles. Cleasby (1991) and Hendricks 
(1991) consider slow sand filter runs of at least 1 to 1.5 months to be acceptable. The impact of 
influent water quality on SSF performance and operation and maintenance requirements is not 
clearly established (Galvis, 1999). Therefore, pre-treatment studies must always be done in 
tandem with the assessment of the downstream slow sand filter performance to establish the 
effectiveness of the pre-treatment.
2.2.1 General design considerations
Typically filters are constructed in masomy making use of local materials and labour. Plastic 
tanlcs, e.g. Potapaks (Lloyd et al., 1986; Clarke et a l, 1996a and b), waterproof ditches (Boiler, 
1993), and corrugated galvanised steel tanks (Oxfam, 2000) are options for filter structures, but 
of a more temporary nature or for use in pilot studies. Durability and watertightness are the only 
major requirements. The height of filter unit (usually less than 2 m) is determined by the gravel 
bed depth, underdrain design, desired level of supernatant, and freeboard. According to Collins 
et a l (1994), the height of the filter units should be limited to 1.5 m to facilitate the cleaning 
process.
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Supernatant levels in a gravel filter unit can provide additional water and head for hydraulic 
flushing; except in horizontal-flow gravel filters, which do not incorporate a supernatant. A 
cover can avoid contamination (e.g. avian defecation and algal grovrth) as well as provide 
quiescent conditions, promoting settling within the supernatant.
Inlets can be connected to a distribution/drainage manifold, when properly designed these serve 
the purposes of ensuring a uniform distribution and drainage during cleaning. Typically, they 
consist of a perforated pipe covered in coarse support media. In the case of vertical-flow gravel 
filters raised floors can be adopted. It is thought that this variation could bring benefits to the 
cleaning process (Claiice et al., 1996a). Yet, this feature could not be used in horizontal-flow 
gravel filters as it would cause short-circuiting.
Gravel pre-filters units are filled with gradually finer graded media. Roughness of the clean
!media should not affect removal performance (Wegelin et al., 1987). Shape and strength of j
gravel are quite irrelevant for design purposes in comparison to its grading. Yet, optimal '
gradings and depths depend on local conditions, pilot studies aie of great importance in this 
respect and can be based on existing design guidelines (Wegelin, 1996; Galvis et al. 1998).
Gradings are usually expressed as a size range (e.g. 40 to 20 mm) or as a standard construction 
grading (e.g. ABNT, ASTM, BS, DIN). There is no internationally recognised (ISO) standard for 
media characterisation for drinlcing-water treatment pmposes (Ives, 1990). Reported gravel sizes 
range from 40 mm down to 1.6 mm. However, small gravel gradings can result in less efficient 
hydraulic cleaning and recognising this Wegelin (1986) recommended 4 mm as the minimum 
gravel size. The uniformity coefficient is defined as the quotient between the largest and smallest 
size of a filter gravel fraction should be less than 2 (Wegelin, 1996).
Pre-filters normally utilise gravel as media, but locally available materials can determine the 
choice of media. In general, media should be an inert material that does not dissolve in the water.
However, the use of crushed limestone as media in pre-filters, with the intention of having it 
dissolve with the water in order to promote clay removal, has also been considered (Rooklidge 
and Ketchum, 2002; Rooklidge et al., 2002). Other alternative materials for pre-filter media and 
their reported mean turbidity reduction efficiencies are summaiised in Table 2.4. Controls were 
in some cases defined for the purpose of comparing a particular filter media with the relevant 
properties to gravel. Most of these studies have been on an experimental-scale and reported 
similar turbidity reductions between alternative materials and controls. Reservations on the use
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of a substitute for gravel may occui- due to taste and odoui* problems, which may be an issue 
when considering, for example, natural materials such as wood and palm fibre (Wegelin, 1986),
Alternative material 
(Turbidity reduction %)
Control material 
(Turbidity reduction %) Study findings Comment Reference
Gravel + synthetic 
fabric 
(not reported)
Gravel 
(not reported)
Filters with fabric had lower 
effluent turbidities.
Turbidity reductions or averages 
not reported.
Di Bernardo 
and Bojorge 
(1997)
Polystyrene media 
(42%)
Gravel 
(41 %)
Similar turbidity reduction 
efficiencies.
Simulated turbidities: 100-200 
NTU.
Reed and 
Kapranis 
(1998)
Blast furnace slag 
(37 %) 
Basalt 
(61 %)
Gravel 
(67 %)
Despite reductions in turbidity, 
authors conclude tliat different 
media had no effect on 
physico-chemical 
characteristics that may affect 
aesthetics (note: colour, taste 
or odour not evaluated).
Tested materials had different 
layer configurations and 
gradings;
Low raw water turbidity range: 
2 .2 -3 3  NTU;
Effect on SSF not reported;
Also tested pre-filters witli sand 
layers, but not included here.
El-Taweel and 
Ali (2000)
Foam rubber 
(20 %) 
Geotextile fabric 
(20 %) 
Nylon beads 
(not reported)
None All pilot-tested materials yielded 
poor turbidity reductions and 
other disadvantages tliat 
mitigated against their use {i.e. 
flotation and scale-up 
impracticalities).
Lightweight materials evaluated 
for emergency water treatment;
Source turbidity for fabric trial 
averaged 16.3 NTU, for other 
trials not reported;
Effect on SSF not reported.
CEHE (2002)
Dolomite limestone 
(ca. 78 %) 
Calcite limestone 
(79 %)
Basalt 
(ca. 75 %)
Slightly higher turbidity and 
total suspended solids 
reductions tlian control media;
Increased particle destabilization 
with limestone media;
Dolomite filter may be enhanced 
with a sedimentation step.
Simulated turbidity: 150 NTU; 
Effect on SSF not reported.
Rooklidge et al. 
(2002)
Calcite limestone 
(19 %) 
Basalt (calcite- 
amended) 
(29%)
Basalt 
(25 %)
During turbidity challenge 
calcite (71 %), calcite- 
amended (75 %), and basalt 
(69 %) performed differently; 
pH from calcite filter may have 
affected SSF bio-treatment.
Source river turbidities < 7 NTU, 
simulated turbidity challenge of 
150 NTU;
Filters with calcite increase pH: 
potential benefit for corrosion 
control, but a problem for 
chlorination.
Rooklidge and
Ketchum
(2002)
Burnt bricks 
(not reported) 
Burnt maize cobs 
(not reported)
Gravel 
(not reported)
Pre-filters performed similarly, 
reducing turbidities of 12.4 -  
124 NTU to 5 - 1 0  NTU; 
Slow sand filters were able to 
run for 12 weeks.
Pre-filter efficiencies not reported; 
Slow sand filters run at different 
filtration rates.
Ochieng et al. 
(2004)
2.2.2 Operation and maintenance
Operation and maintenance (O&M) procedures for gravel pre-filters are relatively simple. This is 
one of the main attractions for the use of the technology in rural aieas. The tasks involved are 
measurement of flow and water quality, cleaning of filters, headloss measurement, and the 
eventual removal and washing of gravel.
With time accumulated solids in the filter will reach a level where cleaning is required; this may 
be prompted when effluent turbidity indicates that breakthrough* has occurred or excessive
‘ Breakthrough is defined as the filter run time beyond which the outlet particulate concentiation exceeds the 
perfonnance requirement of the filter (Boiler, 1993).
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headloss is observed. Filter cleaning is carried out by hydraulic flushes of the gravel 
compartments with fast-drainage valves or gates; with the objective of restoring filter porosity, 
recovering headloss and re-establishing particle removal efficiency. This procedure also ensures 
the removal of deposited organics that could eventually decompose within the gravel bed, 
possibly leading to taste and odour problems (Pardon, 1989). Ahsan (1995) acknowledged that 
optimised cleaning procedure experience is limited and that the cumbersome and ineffective 
filter cleaning is a major drawback of the process. Another method of filter cleaning, which may 
be necessary after some years of operation, is the manual cleaning involving the removal, 
washing, and replacement of the gravel. This is a laborious (and perhaps inevitable) procedure 
that should be postponed as much as possible by the adoption of the most practicable and 
efficient hydraulic cleaning.
6000
S 4000 -
2000  -
Time (mill)
Figure 2.6. Typical filter drainage suspended solids concentration during hydraulic 
flushing cleaning procedure (Wolters et aL, 1989a).
Hydraulic flushing rates are the most significant factor in gravel pre-filter cleaning (Collins et 
a l, 1994). Poor filter draining facilities were considered to be the cause of inefficient filter 
cleaning of a full-scale MSF treatment works in Rwanda (Dorea et a l, 2004). Recommended 
draindown rates reported vary from 5 to 90 m^/m^h (IRCWD, 1989; Wegelin, 1996) and are 
likely to be caused by different observations made in practice. Despite these variations in 
drainage rates, the objective of procedure is to induce turbulent flow conditions in the filter in 
order to dislodge deposited solids within the filter voids (Wegelin, 1996). During the hydraulic 
flushing of gravel filters, the solids removal profile follows a characteristic pattern of two peaks 
(Figure 2.6) as reported by several authors (Pardon, 1989; Wolters et a l, 1989a; Clarke et a l, 
1996a; Wegelin, 1996). Pardon (1989) identified three important factors associated with filter 
cleaning: destabilisation of the deposits; transport of detached deposits to the underdrains;
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removal of deposits from the underdrains. It has been suggested that biological development 
)vithin the gravel filters can hinder the cleaning process due to the adhesion of deposits to 
biofilms (Pardon, 1989; Wolters et a l, 1989a; Collins et a l, 1994).
2.2.3 Filtration theory applied to gravel filters
Proposed filtration removal mechanisms and models applied to gravel filters are mostly based on 
rapid sand filtration (theory). These theories consider either a phenomenological or trajectory 
approach to particle removal (Amirtharajah, 1988). Two major steps aie necessary for the 
removal of paiticulates from water: a transport and an attachment step (discussed in 2.1.4 
Physico-chemical mechanisms). Particle removal in gravel filters are influenced by raw water 
characteristics as well as filter design chaiacteristics. These two aspects are also considered 
under separate headings.
Phenomenological approach. The phenomenological approach, also Imown as the macroscopic 
approach, has developed fi'om attempts to describe changes in filtrate quality in terms of the 
concentration or mass of particles as removal takes place within the filter (Amirtharajah, 1988). 
That is, it is fundamentally a foimulation of non-steady-state or steady-state mass balance 
equation with appropriate paiameters to describe the accumulation of pai'ticles within the filter 
pores (Amirtharajah, 1988).
Valuables such as filtration depth, bed porosity, filter volume, and filtration rate are used to 
describe the filter operation, design, and efficiency {%) model. X, filter coefficient, can be used to 
gauge gravel filter performance and was conceptualised by Iwasaki (1937) in SSF studies, 
relating filtrate quality to the depth of the filter bed by the following relationships (Eqs. 2.1a and 
2.1b):
-  ^  = AC (Eq. 2.1a)dL
that integrated yields:
= e -^ ‘- (Eq. 2.1b)
where: C = particle concentration at depth L; 
Co = particle concentration at inlet;
2 0
L = depth (or length) of filter;
X = filter coefficient.
Iwasaki’s (1937) formula provides the basis of many studies. It states that the profile of particle 
concentration in the fluid phase thioughout the filter depth is logarithmic for a bed of uniform 
grain size (Amirtharajah, 1988). The filter coefficient is a function of several parameters, viz\ a) 
filtration rate and pore size distribution {i.e. interstitial flow pattern); b) size and shape of the 
filter media {le. grain size surface area); and c) densities of the pai'ticles and water and the size 
of the particles {le. Stokes’s law parameters).
Aiother concept utilised in filtration studies derived fiom the phenomenological approach is the 
specific deposit or filter load (a). The specific deposit measures the degree of clogging, le. the 
volume of deposited material per unit filter bed volume. It vaiies according to the position within 
the filter bed (L) and the filter run time (t). Furthermore, it is a function of different process 
variables {le. filtration rate, filter media characteristics, and suspension characteristics). The 
concept of c  recognises that as run time advances, the progressive increase in the volume of 
retained solids within the gravel bed increases the surface area available for further deposition. In 
contrast the deposited volume of solids decreases the porosity altering the interstitial flow pattern 
and leading to higher fluid velocities.
An advantage of the phenomenological approach is that it uses simple and efficient variables to 
describe the operation and design of a filter. Also, the fact that the whole of the filter cycle can 
be mathematically described (Amirtharajah, 1988; Ojha and Graham, 1992) is viewed as a major 
advantage, making this approach the most informative one when modelled.
Yet, the difficulty in this approach to modelling is the need for extensive experimentation to 
verify the filter efficiency model (Collins et al., 1994) and to determine many of the empirical 
constants necessary (Amirtharajah, 1988). The major wealmesses of the phenomenological 
approach is its lack of generality for predictive purposes and the fact that it does not provide a 
fundamental understanding of the mechanisms of deposition (Amirtharajah, 1988), which are 
described by the ti’ajectory approach.
Trajectory approach. The other approach to filtration theory is the trajectory approach in which 
reflections are made on individual collectors or pores and not on shallow filter layers, as in the 
phenomenological approach (Boiler, 1993). The underlying concepts in this approach were
21
derived from air filtration (Frielander, 1958) and the potential for their extension to water 
filtration was recognised by O’Melia and Stumm (1967). This approach concentrates on the 
transport phenomena taking place within the filter, i.e, how an individual particle collides and 
adheres to a single collector, to establish the basis of the single-collector efficiency (t]) model.
The definition of r\ is the rate at which particles strike the single collector divided by the rate at 
which particles approach the collectors (Amirtharajah, 1988). In the analysis of this model it is 
necessary to specify: a) the geometry and size of the media (collectors); b) the flow field around 
(or tlirough) the collectors; c) the nature and magnitude of the relevant forces acting on the 
particles present in the suspension; and d) the criteria for particle adhesion (Tien and Payatakes, 
1979, cited by Amirtharajah, 1988). r\ is also defined in terms of three equations (Eqs. 2.2, 2.3, 
and 2.4) related to the predominant transport mechanisms of diffusion(TiD), interception (r|i), and 
sedimentation (rjo) (Yao et al., 1971):
Diffusion: rj = 0.9
\
where: K = Boltzman constant;
T = absolute temperature; 
v/== filtration velocity (rate); 
dp = particle diameter; 
dc = collector diameter; 
p, == absolute viscocity.
Interception: rj j = 1 . 5
c J
(Eq. 2.2)
(Eq. 2.3)
V \ (  P  — /?  )  Pw ^• Sedimentation: 'H ^  ^  =      —  (Eq. 2.4)Vy 18 //Vy
where: Vp = settling velocity;
2 2
pp = particle density;
p = fluid density;
g = gravitational acceleration.
The overall relationship between the collector efficiencies of each mechanism is additive, yielding 
llTotal 2.5).
V  Total îJ d  +  V i  +  r j , (Eq. 2.5)
This relationship is depicted in Figure 2.7, showing the efficiencies as a function of particle size. 
Interpretation of Figure 2.7 demonstrates that there is a minimum net transport efficiency for a 
particle size of approximately 1 pm (Yao et al., 1971). Amirthai’ajah (1988) points out that the 
two protozoan pathogens of concern, Giardia lambia and Cryptosporidium parvum, have the 
dimensions of 10-15 pm and 3-5 pm, respectively. Hence, the former is likely to be removed by 
the sedimentation mechanism, whereas the latter due to its size is close to the minimum net 
transport efficiency.
O  • NUMERICAL SOLUTION
Vo =  2gpm  /  sq. ft 
d =  0.5 m m  
P p=  1.05 g m /c m ^
T = 25 °C
SIZE OF THE SUSPENDED PARflCLES (m icrons)
Figure 2.7, Comparison o f  the numerical and analytical solutions to the T|,o,ai 
equation (Eq. 3.5) (Yao et al., 1971).
Yao et al. (1971) related the performance of a packed bed {i.e. Iwasaki’s filtration interpretation) 
to the efficiency of a single spherical collector:
^  = - 1 . 5  [ï/d + 7 ; + 7 g ]C = - 1  -5 atj C (Eq. 2.6)aL a „ a „
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Where s is the porosity of the filter bed. This equation introduces a  (= collision efficiency factor 
that accounts for chemical effects) defined as ratio between the number of the contacts, which 
succeed in producing adhesion to the number of collisions, which occur between suspended 
particles and the filter media (Yao et al., 1971).
Amirtharajah (1988) pointed to the divergence between theoretical and actual observations in the 
trajectory approach. That is, when particles have a repulsive potential, the calculations indicate a 
sudden decline in ^ or q (Payatakes et al., 1974, cited by Amirtharajah, 1988). However, in 
contrast to these theoretical expectations, experimental verification showed that a gradual decline 
(Vaidyanathan and Tien, 1988; Tobiason, 1987) was experienced. Hence, there is a need for the 
trajectory approach to be modified to predict the results of filtration under unfavourable 
conditions (Amirtharajah, 1988), i.e. repulsive potential between the particle and collector.
The other limitation of the trajectory approach is that it doesn’t provide a descriptive 
interpretation of the filtration efficiencies as the particles accumulate within the media 
(Amirthai'ajah, 1988). That is, it is representative of clean bed conditions. One approach to this 
problem is to combine the initial filter coefficient to a phenomenological expression that takes 
into account the accumulation of particles within the filter (Amirtharajah, 1988). Yet, this 
undermines the main strength of the trajectory approach, which is to develop a predictive model 
with no empirical coefficients. The trajectory approach to filtration theory has its limitations to 
model filter cycles, but provides a better basis for understanding of some of the different removal 
mechanisms relating to different particle sizes.
Raw water characteristics. One of the critical suspension properties in the filtration process is 
the particle size distribution. According to Stoke’s Law, the settling velocities of discrete 
particles lessen with decreasing diameter. Hence, not all particles are effectively removed by 
sedimentation, requiring a filtration step. However, there exists a minimum net transport 
efficiency for a particle size of approximately 1 pm (Yao et al., 1971). A significant proportion 
of colloidal particles (< 1 pm) in the raw water have to some extent been attributed to low 
turbidity reduction efficiencies in gravel pre-filters (Lloyd et ah, 1991; Ingallinella et ah, 1998).
From basic phenomenological filtration theory considerations it is possible to establish that the 
removal of suspended particles is proportional to the concentration of particles present in the 
water (O’Melia and Stumm, 1967). From reported data it is apparent that higher paiticulate
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concentrations yield higher removal efficiencies and vice versa (Pardon, 1989; Galvis, 1999); the 
same concept being applicable to faecal coliform removal efficiencies (Galvis et a l, 1998)
In neutral pH, many particulates of mineral origin present a negative surface chaige due to 
particulate surface groups reacting with water or imperfections within its structuie (Letterman et 
al., 1999). The surface charge coupled with decreasing particulate size increases the suspensions 
stability due to the repulsive force that results from the force balance between electrostatic 
repulsion and mass attraction, which hinders particle agglomeration and settling.
Aqueous chemical properties, e.g. haidness and humic content, can also influence the particulate 
stability (O'Melia, 1985; Edzwald et a l, 1987) and thereby the filtration efficiency. Hardness is 
mainly due to dissolved Ca^  ^and Mg^ "^  ions that can adsorb onto colloidal clay surfaces. These 
ions can influence the destabilisation of the suspension by decreasing the negative charge of the 
particulates. In contrast, humic compounds can increase the suspensions stability, particularly 
with an increase in pH. The extent of particulate removal in gravel filters is dependent on the 
presence of natural water constituents such as humic acid and calcium concentration (Collins et 
a l, 1994; Ahsan, 1995); paiticle removal worsens with higher concentrations of humic 
substances.
So far the raw water characteristics discussed are mostly related to particulates of mineral origin. 
However, particulates can also be of organic origin or agglomerated with minerals. Most gravel 
filtration studies have not taken into account the nature of the particulates in suspension or have 
utilised only mineral particulates in their experimentation (Wegelin et ah, 1987; Boiler, 1993). 
Pardon (1989) utilised microscopy to analyse the gravel filtration process in terms of the 
particulate composition and size distribution. Percentage removals of each particulate type 
(mineral and organic) were consistent and efficiency did not appear to be a function of the 
paiticle’s origin for the natural waters studied; although agglomerates of mineral and organic 
origin had marginally higher removal efficiency. In gravel filtration trials with model water, 
Collins et a l (1994) noted that when a kaolin clay suspension was tested with algae significantly 
higher removals were registered than when the clay suspension was tested on its own or vdth 
humic acid and calcium. This was attiibuted to the agglomeration of clay particles and algae into 
a particle more prone to removal within the filter. The results of Collins et ah (1994) indicate a 
more efficient removal of particulates in suspensions with certain characteristics, but not 
necessarily the more efficient removal of specific types of particulates within a suspension of 
diverse composition. Yet, considering that sedimentation is an important removal mechanism in
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gravel filters (Boiler, 1993; Collins et a l, 1994) and that types of particulates may have 
characteristically different densities, it is reasonable to expect that they may be removed with 
different efficiencies.
Filter characteristics. Gravel pre-filtration efficiency with regards to particle separation is 
principally dependent on design vaiiables such as media grading, filter bed depth (or length), and 
filtration rate. Theoretical calculations (Boiler, 1993) and controlled experimentation with 
synthetic waters (Wegelin et a l, 1987; Collins et al 1994) have demonstrated the higher particle 
removal efficiencies of gravel filters at greater filter depths (or lengths), lower filtration rates and 
smaller gravel gradings. The relative importance of each of these design variables to the 
paiiiicular model water types studied are discussed in Collins et a l (1994). Coaiser filters present 
a theoretically higher efficiency (lower headloss) in removing larger pai'ticles, leaving the 
remaining (and smaller) particulates to be more effectively removed by downstream (finer 
graded) units or layers. Hence, it becomes apparent why the rationale of placing coarser gravel 
portions upstream of finer graded gravel is adopted. However, the cleaning proceduies can be 
hindered if the smaller gradings are too fine (Wegelin, 1996), le. < 4 mm.
Based on theoretical and experimental considerations, it would be possible to calculate the 
required filter length to remove a certain size of particulate with a particular media size and 
applied filtration rate. Yet, raw water characteristics are not constant, changing with regards to 
suspended particle number and size during or after a rain event, for example. Therefore, it is 
necessary to cany out pilot (or treatability) tests to optimise filter design and operating variables 
{e.g. filtration rate) for removal efficiency. Ideally, the strengths and weaknesses of each 
treatment stage aie quantified and balanced for the removal of particulates accordingly to the 
integrated water treatment concept (Lloyd et a l, 1991). Typical dimensions and characteristics 
utilised as design criteria for each gravel filter type are discussed in their respective headings.
Biological treatment in gravel filters. Removal in gravel filters is a combination of physical 
and biochemical processes (Figure 2.8), such as those occurring in slow sand filters. Thus far, 
removal mechanisms discussed did not take into account that gravel filters are also biologically 
active. Evidence of biological activity within giavel filters is presented by several authors 
(Wolters et al., 1989a and 1989b; Pardon, 1989; Collins et al., 1994; Galvis, 1999).
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Transport Attachment Transformation
Figure 2.8. Conceptual model o f  pai ticulate removal gravel filters.
Pardon (1989) considered that biological activity within gravel filters could have two notable 
effects: first, the enhancement of capture and removal processes in the filter bed and, secondly, 
the consolidation of the deposits in the filter bed by zoogloeal films. The former translates to the 
increased filtration efficiency and the latter to a hindered hydraulic cleaning. Clarke et al. 
(1996b) considered that conventional phenomenological filtration theory caimot be readily 
applied to gravel filters due to the uncertain nature of the relationship between particulate 
deposition and biological development within filter voids. The contention that particle removal is 
assisted by biological activity (i.e. biofilms) within the gravel bed is shared by other authors 
(Wolters et a l, 1989a; Collins et a l, 1994; Saidam and Butler, 1996). Extrapolating from the 
SSF study of Weber-Shirk and Dick (1997b), it would seem that the contribution to particle 
removal of the increased “stickiness” due to biological films on gravel would be insignificant. 
However, Collins et al (1994) found improved treatment performance in gravel filters ripened 
with algae in comparison to clean media. Galvis (1999) contended that in his studies the reported 
higher removal efficiencies of faecal coliforms and colour in full-scale plants in comparison to 
other studies were due to the higher water temperatures and nutrient availability.
The higher flow rate and coaiser media (less surface area) in gravel filters will affect the extent 
to which these processes occur. Extrapolating from SSF, it can be expected that both macro- and 
micro-organisms play a role in the biological processes that occm' in gravel filters. 
Transformation (or purification) in gravel filters, according to Galvis et al. (1993b), embraces 
the process responsible for breakdown of trapped impurities (including pathogens). These 
processes are similar to those that occur in SSF (2.1.3 Biological purification mechanisms). 
The putrescent odour observed by Pardon (1989) during filter cleaning is an indication of the 
biological degradation of the removed substances. Significant drops in dissolved oxygen can 
occur through gravel filters (Pai'don, 1989; Galvis; 1999; Sittivate, 1999) due to biological 
activity; such drops may have implications on the aerobic organisms responsible for the SSF 
biological treatment.
27
DISSOLVED
NUTRIENTS
PARTICULATE
ORGANICS
DETACHED OR GRAZED
BACTERIOVORES AND 
DETRITOVORES
BACTERIAL PRODUCTION
SAND SUBSTRATE
ADSORPTION
DECOMPOSITION
ADSORPTION
ADSORPTION
AND
SETTLEMENT
Figure 2.9. Primary production and consumption processes o f  the heterotrophic zone in 
slow sand filters (Lloyd, 1974, cited by Pardôn, 1989).
Organic matter in the raw water is proportionally removed by gravel filtration, enhancing and 
promoting biological activity within the filter (Pardôn, 1989). Based on experimental evidence. 
Pardon (1989) extrapolated from Lloyd’s (1974) conceptual model of primary production and 
consumption processes in the heterotrophic zone of slow sand filters (Figure 2.9) considering 
them to occur in gravel filters. Decomposition and adsorption processes influence the levels of 
dissolved nutrients and particulate organic matter. These substances support the production of 
bacteria and the growth of zoogleal films on the substrates once they have been adsorbed or 
settled on to the media. Gantzer et al (1991) studied the removal of biodegradable contaminants 
by biofilms in simulated shallow stream beds of gravel. Extrapolating to the relatively similar 
conditions of gravel filters, it is reasonable to expect the formation of biofilms on gravel media 
and their contribution to biodégradation of removed organic substances.
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Figure 2.10. Organisms present in the outlet o f  the vertical gravel 
filters and slow sand filter (Perez et al., 1985).
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One of the only surveys of the micoorganisms (Figure 2.10) present in the different stages of a 
down-flow gravel filter DGF was reported by Perez et al. (1985 -  cited by Pardon, 1989). The 
greatest diversity occuired in the effluent of the first gravel filtration stage. This only assessed 
microorganisms present in the effluent, not necessarily reflecting the diversity of life forms 
attached to the media. A survey of attached microorganisms requires a gravel sampling method 
that does not disturb the media deposits (and fauna) whilst being retrieved. Perez et a l (1985) 
also reported desmids and amoebas in the effluent of the 1®‘ stage filter only; bacteria (not 
specified), larvae, and molluscs were reported to be present in diminishing concentration as 
treatment progressed. CEHE (1999), Di Bernardo et a l (1999), and Dorea (2001) have also 
observed invertebrates in gravel filters.
2.2.4 Gravel filtration removal efficiencies
The main objective of gravel pre-filtration is to protect the downstream SSF process from 
excessive headloss development due to suspended solids loading. Gravel pre-treatment 
efficiencies with regards to particulate removals will depend on design and operation 
considerations, such as media size, filtration rates, filter bed length/depth. Raw water 
characteristics may also influence particulate removal (see 2.2.3 Filtration theory applied to 
gravel filters).
Table 2.5 summarises the reported treatment efficiencies of gravel pre-filters with regards to 
paiticulates and other water quality parameters. It should be noted that treatment efficiencies 
may vary according to the concentration of the particular water quality parameter. Hence, results 
of gravel pre-filter studies should always report influent concentrations alongside the treatment 
efficiencies. Moreover, in the case of algae, removal efficiencies have been observed to differ 
depending on the type of algae. To date, there is no published information on the treatment 
efficiencies of gravel filters in relation to protozoan pathogens such as Cryptosporidium and 
Giardia. As such, regulatory bodies have not assigned any risk-targeted treatment technique 
requirements for gravel filtration (NZ MoH, 2003; US EPA, 2003).
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Water Quality 
Parameter
Reduction/removal
efficiency Comments Reference
Suspended solids 50 to 95 % 90 to 95 % for waters with high SS (50-200 mg/L) 
and 50 to 90 % for waters with lower SS (5- 
50mg/L). Length o f  filter bed, media grading, and 
nature o f  particles can affect efficiency.
Collins e ta l. (1994); 
Galvis e ta l. (1998)
Turbidity 50 to 90 % 50 to 80 % reductions for low land sources and 50 to 
90 % for high land waters. Length o f  filter bed, 
media grading, and nature o f  particles can affect 
efficiency.
Collins e ta l. (1994); 
Claike et al. (1996b); 
Galvis e/fl/. (1998)
Algae 30 to 95 % Removal will depend on influent algae type and 
concentration.
Fraser et a/. (1988); 
Jayalathe t a l  (1995); 
Sittivate (1999)
Faecal coliforms 0.65 to 2.5 logs Highest removals achieved at high FC 
concentrations (20000-100000 CFU/100 mL), lower 
levels o f  bacterial contamination (500-20000 
CFU/100 mL) yielded lower efficiencies. Higher 
efficiencies reported in tropical waters may be due to 
environmental conditions such as temperature.
Clarke g/ a/. (1996b); 
Galvis et al. (1998); 
Galvis (1999)
Bacteriophage 1 log Phage concentrations o f  10* tolO’ pfii/mL tested. 
N ot affected by increases in turbidity.
Clarke et al. (1996b)
Parasitic eggs 80 to 95 % Filters challenged with Ascaris, Fasicola hepatica, 
and Trichosephal', however, experimental conditions 
and analytical methodology employed were unclear.
Mahvi et al. (2001)
Iron and 
Manganese
50to 65 % Possibly biologically assisted. Collins et al. (1994); 
Galvis e ta l.  (1998); 
Pacini (2003)
Heavy metals >  50 % Achieved with 50 to 70 m long pre-filters in an 
artificial groundwater recharge plant, not tested in 
MSF gravel pre-filters.
Kuntschik (1976)
UV absorbance 
(254 nm)
<  10% Possibly due to biodégradation in gravel filters. Collins e ta l.  (1994)
DOC ca. 10 % Possibly due to biodégradation in gravel filters. Collins e / ûf/. (1994)
True colour 20 to 50 % Higher colour/organics removal efficiencies reported 
in tropical waters may be due to more favourable 
environmental conditions and active biomass.
Galvis et al. (1998); 
Galvis (1999)
Apparent colour 45 to 80 % Apparent colour is influenced by particulate 
presence and possibly explains high efficiencies.
Wolters et al (1989a)
Herbicides < 17 % Removal refers to 2-4-D  and MCPA and can vary 
seasonally; other herbicides may not be removed at 
all. Gravel filters should not be relied upon for 
herbicide removal.
Woudneh e t al. (1996)
2.2.5 Pre-filter types
Pre-treatment can be classified according to their function (Galvis et a l, 1993a), le. conditioning 
or roughing^, and their direction of floAV (vertical or horizontal). Conditioning can be achieved 
by several methods. A comparison by Galvis et a l  (1993a) found that dynamic roughing
 ^Conditioning stage consists o f  a pre-treatment alternative, usually located at the intake o f  the treatment plant, designed to cope 
with the coarser fraction o f  suspended solids {e.g. plain sedimentation, dynamic roughing filtration, intake filters, infiltration 
galleries). Roughing filtration stages are designed to reduce the finer fraction o f  particulates and microorganisms, increasing the 
runs o f  the downstream slow sand filters (Galvis et al, 1993a).
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filtration (DyRF) unit produced the best results. Other conditioning unit processes are reviewed 
elsewhere (Smet and Visscher, 1989; Cleasby, 1991).
Dynamic roughing filtration. A DyRF consists of a multiple-layer gravel bed of coarser 
grading towards the bottom of the unit where an underdrain system collects the filtered water. 
Part of the river/stream flow is diverted and directed so as to flow over the gravel bed. As this 
occurs a portion of the raw water drains through the filter medium whilst the overflow is 
returned to the river. However, this option is best utilised in intakes supplying systems by gravity 
and its application may have topographical constraints {e.g. hilly areas such as those in Rwanda 
— Dorea et aï., 2004).
Under the integrated water treatment concept, the purpose of this type of filter is to improve 
water quality (removal of coarser solids) and/or protection of downstream treatment stages from 
excessive solids loads (Galvis, 1999) and floating debris, although a significant reduction in 
faecal coliform levels can be achieved (Galvis et al., 1993a). In the event of high solids loading 
the DyRF rapidly clogs and flow is drastically reduced or interrupted. Operation is restarted by 
simply raking the gravel bed of the DyRF re-suspending the accumulated solids and washing 
them away by the overflowing excess. Sedimentation was found to be the principle particle 
removal process above and within the gravel bed (Latorre et al., 1996). Details and design 
guidelines for DyRF can be found elsewhere (Wegelin, 1996; Latorre et ah, 1996; and Galvis et 
a l, 1998).
Roughing filtration in this review refers to the filtration techniques employed to remove particles 
and pathogens, reducing their loads to offer a level of protection to downstream slow sand filters. 
In view of this definition, DyRF can be considered a misnomer, as it was defined as a 
conditioning stage filter. The term “roughing” in its name is kept to be consistent with the 
literature. There are three configurations named after the direction of flow: horizontal-flow 
gravel filter (HGF), down-flow gravel filter (DGF), and up-flow gravel filter (UGF).
Horizontal-flow gravel filters (HGF). In a HGF (Figure 2.11) water flows horizontally through 
chambers which contain gradually decreasing media sizes. These filters have the advantage of a 
theoretically unlimited length (usually, 5 to 9 m), as they may be extended without having any 
constraints related to the structures’ height (from 1.0 to 1.5 m). Different media gradings can be 
separated into compartments (cells) of var ying length according to the level of treatment desired. 
Improvements in the hydraulic behaviour and removal efficiencies of conventional HGF units.
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achieved by dividing its main compartment into a number of smaller units operating in series, 
have been suggested (Galvis, 1999).
m
Figure 2.11. Horizontal-flow gravel filter (HGF).
Water level is typically maintained below the filter surface to avoid the growth of algae and to 
take into account headlosses along the filter run. It is often cited that HGFs have a larger solids 
storage capacity than other gravel filters, but this is thought to be due to its typically larger 
reactor volume than to a better removal efficiency per unit length/depth when compared to other 
pre-filters. However, Boiler (1993) contended that the HGFs are more efficient than its vertical 
filtration counterparts, based on theoretical calculations.
Design guidelines for HGF design are detailed elsewhere (Wegelin, 1986; Wegelin and 
Mbwette, 1989; and Wegelin, 1996). In contrast to previous design guidelines (Wegelin, 1986), 
the most recent (Wegelin, 1996) presents more conservative filtration rates, shorter filter lengths, 
smaller gravel gradings, and higher drainage velocities. Galvis (1999) did not include this latest 
design guideline version in his review, but it has been pointed out that the initial HGF design 
approach was to ensure high solids storage capacity, producing excessively large filter beds. 
Even where labour is of low cost, a shorter filter length seems more reasonable provided that the 
cleaning of the units can be executed more efficiently and the filter efficiency is not 
compromised (Galvis, 1999).
It is suggested that HGF units act as multi-story sedimentation tanks (Figure 2.12) in which 
solids accumulate in dome-shaped deposits on the top surface of gravel due to gravitational 
forces (Wegelin et al., 1987; Cleasby, 1991; Boiler, 1993). Accumulation occurs until deposits 
break and migrate deeper into the bed, renewing the upper levels to a certain extent. The build up 
of previously retained and newly migrated solids in the deeper portions of the HGF would with 
time reduce the available interstitial pore space to a point of reduced flow, or perhaps even of 
clogging (Boiler, 1993). Hence, a priori it is speculated that restricting flow in the deeper filter 
portions could be increasing the velocity through the preferential flow paths of the upper 
“regenerated” gravel layers, affecting its hydraulic inefficiency.
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Figure 2.12. Solids accumulation and cleaning in a horizontal gravel filter (Boiler, 1993).
Two variations to “conventional” HGFs (based on Wegelin’s (1986) design criteria) were 
studied by Galvis (1999) to explore the hydraulic behaviour of such filters. The first modification 
was to reduce the “conventional” HGF length to the same gravel bed length as the UGFS and 
DGFS tested in parallel. In comparison to vertical filters, the modified horizontal-flow gravel 
filter (MHGF) would in theory have the same hydraulic retention time and similar removal 
efficiencies. Results showed that the MHGF consistently and significantly underperformed in 
terms of removal efficiencies of SS, turbidity, faecal coliforms, and colour (when compared to 
vertical filters). This was attributed to shorter actual hydraulic retention times in the modified- 
HGF, confirmed in tracer studies (Galvis et a l, 1996; Galvis, 1999).
The second HGF variation involved replacing the MHGF for three horizontal-flow gravel 
compartments hydraulically independent and working in series (HGFS). Gravel bed length was 
kept the same as the UGFS (4.40 m) and was run in parallel with a “conventional” HGF of 7.14 
m bed length. There was no significant difference in terms of removal efficiencies between the 
two horizontal gravel filters which produced effluents of adequate water quality for SSF (Galvis, 
1999). Tracer studies confirmed the better hydraulic performance of HGFS in relation to HGF 
(Galvis et al., 1996; Galvis, 1999); indicating that conventional HGF design can be hydraulically 
optimised. Earlier, Riti (1981) had proposed similar modifications to HGF, but no verification of 
its performance was carried out.
An adequate cleaning of the unit is achievable and the laborious, time-consuming, and 
sometimes costly manual washing or replacement of media can be avoided, so long as 
appropriate drainage facilities are available. The importance of the cleaning aspect in HGF was 
illustrated by Shenkut (1996) who presented a case-study in Ethiopia of a MSF plant with six 
HGFs 21 m in length designed without drainage facilities. These units operated on average for 3
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to 4 years each before manual cleaning became necessary; whereupon it took one month to dig 
out the filter and replace the media. Thus, it is important to look into the cleaning procedure and 
efficiency of horizontal gravel filters.
HGFs do not allow for the installation of raised floors, which are thought to enhance the filter 
cleaning procedure (Clarke et a l, 1996a). Ahsan (1995) observed much short-circuiting and 
deterioration of effluent quality in pilot-scale horizontal-flow gravel filtration studies, despite 
using baffles. Ahsan (1995), citing Mbwette (1992), also noticed similar short-circuiting in 
HGFs with false bottom (le. raise floor).
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Figure 2.13. Headloss development and drainage
The partial and diminishing hydraulic gradient 
recovery (Figure 2.13) obtained by hydraulic cleaning 
of HGFs leads to the manual cleaning of the filter 
media; this could be due to the type of drainage 
facility (i.e. underdrain pipes) used in HGFs. In Peru, 
only a 40 % cleaning efficiency was achieved with 
high rate drainage in full-scale HGFs (Pardon, 1989), 
lower than the expected values of 60 to 80 %.
regeneration in HGF (W egelin et al.. 1987).
Due to their layout and filter cleaning procedure, 
HGFs present many other diawbacks. Large volumes 
of water are required and, therefore, the cleaning process is time consuming due to the repeated 
cycles of inundation, drainage, and refilling of the units (Pardon, 1989). Typically, a HGF does 
not have hydraulically independent compartments for each gravel portion. That is to say, the 
entire filter needs to be emptied as many times as necessary to enable one compartment can be 
cleaned at a time. Also, it is recommended that cleaning should start at the compartment closest 
to the inlet to avoid clogging of finer gravel portions (Wegelin, 1986). Blockage of the finer 
gravel portions can also occur during the refilling of the filter between flushes. This is remedied 
at the price of the time-consuming moderate flows used to avoid caiTyover of deposited material 
to the finer gravel compartments. In some situations the water used to flush the filters has a 
pumping fuel cost associated to it and has to be used sensibly, as observed in Rwanda (Dorea et 
a l, 2004).
Ahsan (1995) carried out pilot-scale studies regarding thiee different cleaning procedures: (i) 
hydraulic flushing; (ii) surface washing; and (iii) air scour. Of these, surface washing was found
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to be the most effective. Ahsan (1995) also suggested the use of drainage discharge pipes at 
lower elevations in order to achieve higher drainage velocities. This could have practical 
drawbacks. Firstly, it would depend on the local topography, as the construction of elevated filter 
tanks would be costly, and, secondly, excessive headloss depending on the pipe length and 
diameter could also hinder this process, as observed by Dorea et al. (2004).
Despite the identified shortcommings, the HGF technology has been applied on a world-wide 
scale; perhaps explaining the apparent preference of HGFs in academic studies. Surveys on the 
long-term performance of these filter systems are not available in published literature. Galvis 
(1999) pointed out to the fact that the advantages of a “conventional” HGF remained its large 
solids storage capacity and simplicity of construction. These attributes are valuable in cases 
where temporary structures are necessary. In general, HGFs can handle turbidities in the range of 
100 to 400 NTU with short peaks of 500 to 1000 NTU (Wegelin et al., 1991). However, perhaps 
due to water quality characteristics {i.e. high solids loadings and colloidal particulates) it can be 
observed in some cases (Basit and Brown, 1986; Ingallinella et al., 1991) that turbidities can still 
remain above ideal levels for SSF even after horizontal-flow gravel filtration.
Down-flow gravel filters (DGF). Pre-filters consisting of two or three compartments in series 
where flow is downwards are termed down-flow gravel pre-filters (DGF). Each compartment is 
hydraulically independent from each other and filled with coarser gradings upstream and finer 
downstream (Figure 2.14). Design considerations are given in Wolters et al. (1989b) and Galvis 
et al. (1993b).
Figure 2.14. Down-flow gravel filter (DGF).
DGFs accumulate most of the solids in the 
uppermost part of the gravel bed; once the 
removal and storage capacity of the first 
few centimetres have been exhausted, the 
deeper layers permit an extended filtration 
run (Wolters et al. (1989b). Sedimentation 
is the main mechanism for inert particulate
removal, but perhaps is not the only mechanism in action. It has also hypothesised that a more 
efficient biofilm can develop in DGFs than in UGF due to the direction of flow (Fox, 1990; 
Collins et al., 1994). It is further speculated that a schmutzdecke (biofilm ?) may form on the top 
of the gravel, as in SSF, aiding in the removal process. Babenkov (1982, cited by Wolters et al., 
1989b) stated that the removal efficiency of suspended material depends little on filter bed
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height. Yet, gravel filters are not designed only on the basis of their removal efficiency, as the 
filter run time {i.e., storage capacity) is also important; thus, the filter bed depth is of importance.
The deposit morphology is described by the formation and accumulation of destabilised deposits 
occuring in the zone of the hydrodynamic shadow of the media (Babenkov, 1982). Sediment is 
also deposited in chains aligned along the streamlines. The transport of particulates to the deeper 
portions of the filter occurs due to periodic breakthr oughs of individual pore chaimels, followed 
by the movement of detached sediment along a particular route.
In pilot-scale studies with up to 200 NTU influent turbidities, a predictable increase in removal 
efficiency followed the influent load increase (Pardon, 1989). However, the removal efficiencies 
lessened for loads above 300 NTU; established filtration theory would suggest the opposite 
behaviour (see Filtration theory applied to gravel filters). Pardon (1989) quoted a comment by 
Prof. Kenneth Ives (Univeristy College London) as a possible explanation, giving fur ther insight 
to deposit morphology within DGFs:
“IFe have recently been able to use optical fibres to inspect the internal 
functioning o f filters. When there is heavy loading, there is a large amount o f  
unstable deposit similar to snow on mountain tops in Switzerland. I f  one throws 
stones at snow, it may dislodge, or even avalanche. It follows that the more 
stones one throws, the more snow is dislodged. The incoming particles in a 
filter actually represent ‘thrown stones ’ transported by the water and they hit 
unstable, mounted deposits as you progress through the filter operation."
Down-flow gravel filters are said to provide a lower silt storage capacity (Galvis et al., 1993a; 
Collins et ah, 1994) when compared to other pre-filtration alternatives. Due to the solids 
accumulation characteristic in DGFs, the hydraulic cleaning requires a greater flushing velocity 
and quantity of water than up-flow pre-filters, since the accumulated deposits must travel 
downwards through the entire depth of the bed. It follows that if the gravel in these units were to 
be arranged in layers, with the finest grading at the bottom, the cleaning process would most 
likely be even more inefficient. Thus, the observation that Collins et al. (1994) make in their 
literature review of filter types that the gravel in this type of filter can be arranged in layers 
coarser over finer is inadvisable. They later found that the cleaning efficiency of down-flow 
columns with such a gravel configuration was in fact poor. Jayalath and Padmasiri (1996) 
presented a down-flow gravel filter variation with finer media on top, but in accordance with
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filtration theory this would be making poor use of the coarser gravel in the bottom layers. It can 
be noted that raised floors could be adapted to this pre-treatment variant and possibly enhance 
the cleaning procedure. No studies have been reported on this matter.
Table 2.6. Turbidity reduction efficiencies o f  the DGFs in Azpitia, Peru (Pardôn, 1989).
Influent turbidity (NTU) Average reduction efficiency (%) Effluent turbidity (NTU)
2 0 - 1 0 0 63 7 - 3 7
1 0 0 -3 0 0 79 2 1 - 6 3
> 3 0 0 92 > 2 4
General removal efficiencies in full-scale DGFs are rare in literature, possibly reflecting the 
limited application of such technology. One of the only full-scale datasets available is from 
Pardon (1989). Turbidity reduction efficiencies in Peru (San Vicente de Azpitia) are presented in 
Table 2.6. These filters were operated under a filtration rate of 0.3 m^/m^h and had the following 
gradings in the first, second, and third units, respectively: 40-25 mm, 25-12 mm, and 12-6 mm. 
A 70% reduction in faecal coliforms was reported. The slow sand filters in this plant did not 
require cleaning more than once a month. Pilot- and bench-scale experiences in Peru, Colombia, 
and USA are reported by Pardon (1989), Galvis (1999), and Collins et al. (1994). Observations 
on the research station of CINARA (Cali, Colombia) indicated that in general the removal 
efficiencies in DGF systems are very similar to those of UGFS (Galvis et al., 1993b). DGFs had 
a limited field application during the pioneering stages of gravel filtration in the 80’s. Solids 
deposition morphology is likely to hinder cleaning process effectiveness in terms of deposited 
solids removal and the volume of water necessary for the operation.
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Figure 2.15. Up-flow gravel filter in series (UGFS) and in layers (UGFL).
Up-flow gravel filters (UGF). In terms of its structure, UGFs are similar to DGFs apart from the 
direction of flow and of the possibility of having several gravel layers within one single unit 
(Figure 2.15). Hence the need for a different nomenclature for up-flow gravel filters in series
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(UGFS) and up-flow gravel filters in layers (UGFL). Table 2.7 presents the design criteria for 
UGFs (Galvis, 1999).
Table 2.7. Design criteria for up-flow gravel filters (Galvis, 1999).
Parameter UGFL UGFS
Filtration rate (m^/m^'’) 0 .3 - 1 .0 0 .3 - 1 .0
Main gravel size fractions per compartment: One Three
compartment compartments
Length (m) and (gravel size in mm) 0 .2 0 - 0 .3 0  m 0 . 6 -  1.0 m
( 2 5 - 1 9  mm) (25 - 1 9  mm)
0 .2 0 - 0 .3 0  m 0 . 6 -  1.0 m
( 1 9 -  13 mm) ( 1 9 -  13 mm)
0 .2 0 - 0 .3 0  m 0 . 6 -  1.0 m
(13 - 6 mm) (13 - 6  mm)
Underdrain supporting gravel layer: 0 .1 5 - 0 .3 0  m 0 .1 5 - 0 .3 0  m
(25 -  35 mm) (25 -  35 mm)
Height o f  supernatant water (m) 0.20 0.20
Static head available for hydraulic cleaning (m) > 2 .5 > 2 .5
Initial fast drainage velocity for cleaning (m/h) > 10 >10
Filter bed aiea per unit (m^) < 2 0 < 2 0
According to the basic theory of hydraulic behaviour of reactors, several reactors hydraulically 
independent in series present a closer behaviour to plug flow than one reactor (Galvis, 1999). It 
follows that that discrete units in series should improve hydiaulic behaviour; resulting in a more 
homogeneous retention time and hence better treatment. Fazolo (1999), cited by Di Bernardo et 
al. (1999), conducted tracer studies using sodium chloride on thi'ee up-flow systems: (a four- 
stage series with single grading per stage; a two-stage series with 2 layers of different grading 
per stage; and a four-layer UGFL). For the same filtration rates (between 0.33, 0.50, and 0.67 
m^/m^h) the four-stage system had a hydraulic behaviour closest to ideal plug-flow (Fazolo, 
1999). However, the three systems achieved similai’ reduction/removal efficiencies for turbidity, 
SS, apparent colour, total and faecal coliforms. UGF systems usually comprise of up to 3 units in 
series. Dorea and Clarke (2002) compared an eight-unit experimental-scale UGF series with a 
full-scale unit of the same aggregate media depth (1.0 m); there was no evidence to suggest a 
clear distinction between their perfoimances.
The deposit morphology in UGFs occurs in a reverse manner to that in DGFs (Wolters et a l, 
1989a); initially deposition occurs in the lower levels of the pre-filter. Gradually, as the inn 
progresses deposition of solids builds up through intermediate layers, behaving in the same 
manner of a deep bed filter (Galvis, 1999). Typically, deposits of solids can also be obseiwed on 
the upper surfaces of the media. This is due to the sudden decrease in the water velocity once the 
water leaves the interstitial pores and reaches the supernatant; encoumging heavier particles to 
settle in the relatively quiescent conditions.
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An interesting feature of UGFs related to the number of units is “loadsharing.” This being 
described as the case where, typically, performance of one filter unit drops considerably, but that 
of subsequent unit improves maintaining a similar overall removal efficiency of the system 
(Clai’ke et a l, 1996b). Galvis et al. (1996) observed that on a three-stage UGF system, the 
second unit presented lower headloss development and mean removal efficiencies (turbidity, SS, 
and faecal coliforms) when compared to other units. Suggesting that its contribution to solids
removal was not as significant as other units. Individual unit removal efficiencies were not j
presented, but possibly “loadsharing” occurred as the system had a good overall removal j
performance. '
Headloss development patterns differ between the UGFL and UGFS. In the UGFL the headloss 
occurs mainly at the first (coarsest) and last (finest) gravel layers. The UGFS present headloss 
development in the bottom layers and, as the filter run progresses, the headloss gradually 
develops throughout the entire depth of the media bed (i.e. deep bed filtration). These patterns 
are a reflection of where solids deposition is occuixing. A side-by-side comparison of filter types 
(Galvis, 1999) pointed to a faster headloss development in the UGFL unit than the UGFS, the 
slowest being observed in the HGF unit.
The accumulation of deposits in the lower portions of the filters facilitates their cleaning by 
hydraulic flushing. Yet, sometimes the packing of voids by draindown solids can occur after 
long-term use, affecting performance and cleaning characteristics of gravel filters. For this 
reason Clarke et al. (1996a) adopted a slotted raised floor distribution/drainage system adapted 
to small-scale and full-scale up-flow gravel filters. They conjectuied that the low vertical flow 
velocity in the underfioor space could also facilitate sedimentation and natural flocculation in the 
underspace. Clarke et al. (1996a) studied cleaning efficiency in UGFS after long-term runs of 
several months, as there was no reduction in filtration efficiency (le. breakthrough) to be used as 
a prompt for routine cleaning.
The approach adopted by Galvis (1999) was to conduct programmed partial (i.e. cleaning of the 
inlet and outlet boxes, cleaning of the top gravel layer, drainage of the filter bed) and total (i.e. 
removal and washing of the gravel bed) cleaning activities. The partial cleaning activities were 
relatively successful (i.e. headloss recovery) in cleaning of the bottom and top gravel layers of 
the UGFL and UGFS. The middle portions of the filter units were less effectively cleaned and 
were responsible for the headlosses mostly concentrated in the middle layers. The effectiveness
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of these procedures was not compared to a cleaning procedure instigated by performance 
characteristics (i.e. headloss and breakthr ough) of the filters.
Galvis et al. (1998) summarised typical removal efficiencies of a UGF, previously submitted to 
treatment by a DyGF (flow velocity <3 .0  m/h) and for a filtration rate between 0.3 and 0.75 
m^/m^h and with filter depths in the range of 1.0 to 1.55 m, as follows:
• Suspended solids: Removal up to 95 %, with 90 % being the value commonly reported for 
water sources with a high content of suspended material (50-200 mg/L). For water with 
lower levels (5-50 mg/L) removals between 50 and 90 % are reported.
• Turbidity: Reduction between 50 and 80 % in low land surface sources, higher for the
UGFS. With surface sources from high land waters, the removal is in the range of 50 to 90 
%.
• Real colour: Removal in the range of 20-50 %.
• Iron and manganese: Reduction in levels of approximately 50 %.
• Faecal coliforms: Reductions between 0.65-2.5 log units, better for UGFS treating water
with high levels of bacteriological contamination (20000-100000 CFU/100 mL) and
suspended solids contents between 20 and 200 mg/1. The lowest efficiency was obtained for 
water sources with lower contamination (500-20000 CFU/lOOml).
These results were are based on studies in Colombia and Galvis (1999) stated that the higher 
removal efficiencies encountered could be 'Vwc to better environmental conditions contributing 
to a more active biomass, which is not facing periodic stress from strong seasonal changes as 
occurs in northern countries, where most o f the information in this field has been produced." A 
shortcoming of UGFs is the limited storage space and less efficient cleaning of the UGFL units.
2.2.6 Reported limitations of gravel filtration
According to Visscher et al. (1996), the limitations of multi-stage filtration can be categorised:
® Water quality parameters exceeding the treatment capacity of the system. Average
raw water turbidity levels of 80 NTU are acceptable with peaks of up to 700 NTU. 
Higher raw water peaks can be tolerated with the proper use of a DyRF. True colour of
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60 TCU (mean) is tolerable with a maximum of 230 TCU. In terms of faecal coliforms 
the average admissible levels are of 90000 cfu/100 mL with peaks of 300000 cfu/mL.
• Factors that may reduce or inhibit the process efficiency. Suspended solids may be 
made up of colloidal material that is not easily removed by a MSF system. Low 
temperatures increase water viscosity and reduce biological activity. Most research on 
MSF has been conducted in tropical areas with temperatures > 10 °C. In more temperate 
climates the lower water temperatures may reduce the process efficiency.
• Short filtration runs. In exceptional cases fiequent peaks of high turbidity may occur 
and reduce the filtr ation run duration.
Few examples of performance efficiency failure (effluent > 1 0  NTU) have been reported in 
relation to gravel filters: Basit and Brown (1986); Ingallinella et al (1991) and Ingallinella et a l 
(1998); and Lloyd et al (1991) and Eudovique (1992). In the first study by Basit and Brown 
(1986) a HGF was monitored for 8 days and at times filter effluents had turbidities greater than 
10 NTU, however, the effect on the SSF run could not be assessed in such a short monitoring 
period. Apart from the first study, the poor performance of the gravel filters were attributed to 
the particle size distribution in the raw water. Ingallinella et al. (1998) found that in one sample 
50 % of the particles were sized below 0.50 pm, but the analytical method has not been 
specified. Eudovique (1992) analysed the turbidity of the raw water filtiate passing through a 
0.45 pm pore size membrane and determined that at turbidities lower than 5 NTU more than 10 
% of the turbidity resulted from particles with less than the membrane's pore size. Eudovique 
(1992) inferred that the St. Lucian water under study was particularly difficult to filter because it 
carried colloidal particles of volcanic origin. However, the UGFL studied by Eudovique (1992) 
was operating at a relatively high filtration rate of 1.3 m^/m^h.
The “bottleneck” of gravel filtration maintenance is the cleaning efficiency of the filter units. 
Raised floors and scheduled maintenance (cleaning) procedures are good practices that can 
potentially postpone the time consuming and sometimes expensive manual cleaning of the gravel 
bed. Moreover, it is possible that timing the cleaning the filters on the basis of a performance 
indicator (i.e. headloss or breakthrough) is sometimes impracticable, as some treatment plants 
are designed without inclusion of piezometers to gauge headlosses and the staff not equipped 
with water quality instrumentation to conduct routine monitoring.
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Another limitation of this technology, though not related to its performance, are the large units 
required due to the low filtration rates applied when compared with conventional physico­
chemical treatment plants. Typically, MSF technology has heen applied in water supply schemes 
for small to medium communities where land availability was less of an issue. The relatively low 
filtration rates increase the specific construction costs per m  ^of design capacity (Wegelin et a l, 
1991). However, the high initial capital costs are counter-balanced by the lower long-term 
operation and maintenance expenses.
2.3 Chemically-enhanced gravel (contact) filtration
Following research that was done on multi-stage filtration (MSF) in the 80’s and 90’s a series of 
investigations on chemically-enhanced gravel pre-filtration were carried out in Europe and Latin 
America. In such studies the particulate removal of the gravel pre-filters was enhanced by the 
dosing of a coagulant (e.g. aluminium or iron salts). Using the terminology applied to rapid sand 
filtration, the chemically-enhanced gravel filtration process was termed “direct filtration”. Table 
2.8 lists different definitions for direct filtration applicable to rapid sand filtration
Table 2.8. Definitions applicable to direct filtration (DF).
Definition: Source
A  treatment system in which filtration is not preceded by sedimentation or AW W A Filtration
flotation. Committee (1980)
Simple filtration without addition o f  chemicals. Janssens and Buekens (1993)
System with flocculation taking place before filtration in a discrete Janssens and Buekens (1993)
flocculation basin.
A treatment line containing no discrete flocculation unit; addition o f
coagulants during rapid mixing and chemical destabilisation o f  suspended 
solids taking place directly prior to filtration; also known as contact 
filtration.
Janssens and Buekens (1993)
In coarse media (> 5 mm) “direct filtration” studies a separate flocculation unit was not generally 
included. Hence, “contact filtration” (CF) (as defined in Table 2.8), comprises a more specific 
form of direct filtration (Figure 2.16). Here “direct filtration” (DF) will be used to describe the 
chemically-enhanced pre-treatment scheme in which a coarse medium filtration unit is preceded 
by discrete units of rapid mixing (coagulant dispersion/destabilisation) and of slow mixing 
(flocculation) but without sedimentation or flotation (Figure 2.16). On this basis, most studies in 
this review are classified as CF and perhaps of the term “direct filtration” has been applied in a 
vague manner in the literature to an extent that prevents a precise view of the experimental 
systems utilised.
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Flocculation
Rapid mixing Coarse media filtration
Rapid mixing Coarse media filtration
Contact filtration
Direct filtration
Figure 2.16. Schematic representations o f  the working definitions for contact filtration (CF) and direct
filtration (DF) pre-treatment systems
FlocculationRapid mixing
Rapid mixing
Short settling
Coar se media 
filtration
Coarse media 
filtration
Type 2 TSF
Type 1 TSF
-  - ►
Figure 2.17. Schematic repr esentation o f  two-stage filtration (TSF) pre-treatment as defined by
Kawamura (1985).
Occasionally the term two-stage filtration (TSF) is employed. This expression refers to a 
physico-chemical double-staged filtration (coarse media preceding granular media units) water 
treatment scheme operated at high filtration rates, described in further detail by Kawamura 
(1985). It can be seen from Figure 2.17 that the treatment scheme preceding the granular media 
filter in type 2 TSF is nothing more than contact filtration, as defined by Figure 2.16. Type 1 
TSF is more of a “conventional” treatment train than either CF or DF.
2.3.1 Applications
Early uses of coagulants to enhance the pre-treatment for slow sand filters have been reported by 
Hazen (1908) and Balcer (1948). It is evident from these accoimts that the use of chemicals for 
SSF pre-treatment were mostly of temporary nature due to water quality changes and that the 
understanding of the coagulation/flocculation processes were somewhat limited. More recently, 
Hendricks (1991) reported on a slow sand filter installed in Moricetown (Canada) where 
facilities for coagulant dosing were installed to enhance the settling basins’ pre-treatment 
performance. The coagulant doser was installed due to uncertainty in relation to the capacity of 
the settling basins to function adequately during periods of high turbidity. Alum was used in an
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ad hoc manner for slow sand filter pre-treatment dining a flooding event in Salem (USA) 
(Logsdon et al., 2002).
To date there is only one published account of the full-scale application of CF as a pre-treatment 
for SSF. Ingallinella et al. (1998) described the rehabilitation and conversion of a failing 
horizontal-flow gravel pre-filter in Bolivia which was subjected to high particulate loadings of 
colloidal nature. The MSF system was converted into a two-stage up-flow gravel contact filter 
for SSF pre-treatment. Kawamura (1985) stated that TSF has been historically applied to SSF in 
Europe and Japan, but no fiirther information has found on the use of such system. Cruz et al. 
(1998) have expressed the intention of converting a full-scale MSF plant utilising chemically 
enhanced coarse media pre-treatment for rapid sand filtration (RSF). An up-date on this proposal 
would be useful, as no inhumation has yet been published.
Other accounts of chemically enhanced coarse media pre-treatment schemes have been on pilot- 
plant studies by universities and research centres. These pilot studies were either focused on CF 
as a pre-treatment for SSF or for RSF. The most frequent filter configuration studied was the up- 
flow gravel pre-filter in layers (UGFL) {e.g. Carvalho et a l, 2001; Mwinga et a l, 2004) and 
horizontal gravel filters {e.g. Ahsan, 1995; Mahvi et a l, 2004).
2.3.2 Process variables
Media depth and grading. Most chemically-enhanced gravel pre-filtration studies have utilised 
the UGFL configuration with 4 to 5 layers of decreasing grading. Media sizes in the different 
experimental studies varied from 50 to 1.41 mm. Bed depths reported are in the range of 0.75 to 
1.50 m. Some characteristics of the filters studied are presented in Table 2.9. It can be noted that 
the more recent pilot studies utilise a deeper gravel bed with finer gradings on the last layer.
Filtration rates. Filtration rates are considerably higher in contact filtration studies (Table 2.9). 
In some cases, it was found that increases in filtration rate did not adversely affect pre-filter 
performance in relation to the removal efficiencies for some parameters. Filtration rates ranging 
iTom 1 to 7 m^/m^h were tested by Ahsan (1995); in general effluent turbidities of the 
chemically-enhanced HGF increased with increasing filtration rates. Cruz et a l (1998) found 
that the gravel filter’s ability to remove organic matter was not affected by an increase in 
filtration rate. However, in testing 3 gravel filters in parallel with filtration rates of 3, 6, and 12 
m^/m^h they found that effluent quality in terms of suspended matter was adversely affected by 
the filtration rate. Amaral et al. (2001) states that during trials filtration rates were increased
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from 1.0 to 3.0 m^/m^h without significantly varying reduction/removal efficiencies of turbidity 
and chlorophyll-a, indicating algal presence. Rissoli et al. (2000) and Carvalho et al. (2001), 
using the same pilot-plant on different experiments, found that turbidity and chlorophyll-a 
reduction/removal efficiencies improved by increasing the filtration rates. The latter study found 
that in filtration runs in which no coagulant was added, turbidity reductions and algae removals 
decreased with increasing filtration rates.
Table 2.9, Filter characteristics o f  selected chemically-enhanced gravel filtration studies.
efficiencies could be due to the finer-graded gravel layer utilised in these contact filtration 
studies when compared to “conventional” gravel filtration. However, increasing filtration rates 
were achieved at the cost of decreasing filter run lengths.
Run lengths (headloss or breakthrough). In general, increases in filtration rates resulted in 
shorter filtration runs for the same soui'ce water. It should be noted that some of the pre-filtration 
experimental systems were for rapid filters and headloss/breakthrough in the sand filters 
governed the run time. Also, raw water quality differs considerably and some pilot studies 
worked with a lower solids loading. Filtration run lengths varied from 4 hours to 19 days in some 
studies (Carvalho et a l, 2001; Ahsan, 1995).
Filter
type
Layer/unit bed 
length (m)
Gravel 
size (mm)
Filtration 
rate (m7m^h) Comment Source:
UGFL 0.30 31.0 to 19.0 0.5 to 4.8 Pilot-scale Di Bernardo and M egda (2000)
0.30 15.9 to 9.6
0.30 9.6 to 4.8
0.30 4.8 to 2.4
UGFL 0.30 25.4 to 19.0 2.5 to 10 Pilot-scale Di Bernardo and Kuroda (2002);
0.30 15.9 to 9.6 Di Bernardo et al. (2002)
0.30 6.4 to 3.2
0.30 2.4 to 1.41
UGFL 0.30 50 to 31.4 0.5 to 6.2 Pilot-scale Rissoli et al. (2000); Amaial et al.
0.30 25.4 to 19.0 (2001); Carvalho et al. (2001)
0.30 15.9 to 9.6
0.30 6.4 to 3.2
0.30 3.2 to 1.4
UGFL 0.40 15 to 5.0 0.75 to 1.51 Pilot-scale Ingallinella er a/. (1991)
0.30 5.0 to 2.0
0.10 15 to 5.0
UGFS 1.40 20 0.32 to 0.53 Pilot-scale Ingallinella et a/. (1998)
1.40 15
1.40 5.0
UGFS 1.40 20 to 15 0.43 to 0.54 Full-scale Ingallinella a/. (1998)
1.40 15 to 5.0
ability to increase filtration rates without affecting particular contaminant removal
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It seems that in these studies headloss seems to be the critical feature of the process and it 
develops mostly in the finer layer of gravel; due to the higher solid retention capacity of this 
layer. Yet, it is the most difficult layer to clean by hydraulic flushing (this aspect of filters is 
discussed subsequently -  Filter cleaning).
Coagulants. The coagulant that has been used almost exclusively in coarse media contact 
filtration research is aluminium sulfate. Ferric chloride (FeClg) was used in laboratory tests by 
Romero et al. (1994). However, no evidence was presented to indicate that the coagulant had 
been used on contact filtration runs. More recently, Mahvi et al. (2004) and Torabian and Fazeli 
(2004) utilised a Fe-based coagulants. In theory, Fe-based coagulants may have an advantage 
over aluminium sulfate, in that they are more effective over a wider range of pH. However, 
aluminium sulfate is more widely available globally.
2.3.3 Process performance
Particulate removal. Ahsan (1995) found that chemically-enhanced HGFs of two compartments 
(4 m each with 20 and 8 mm gravel) were capable of handling wide fluctuations of turbidities 
(100 to 400 NTU). In filters challenged with kaolin suspensions turbidity reduction efficiencies 
greater than 95 % were typically achieved. More recently Mahvi et al. (2004) also used a HGF 
for their chemically-enhanced pre-treatment studies. They found that synthetic clay suspensions 
of 200 to 400 NTU could systematically be reduced down to turbidities of less than 2 NTU. 
Noting that in these two studies only the pre-treatment efficiency was assessed, as no slow sand 
filters were incorporated in the experimental setup.
At pilot-scale UGFS in Bolivia, Ingallinella et al. (1998) observed turbidity removals in the 
range of 98.9 to 99.8 % (turbidities between 895 to 370 NTU) and different filtration rates, 0.32 
to 0.53 m^/m^h (alum dose of 35 to 60 mg/L, pH 10 with calcium hydroxide). These results 
subsequently influenced the conditions under which a full-scale two-stage contact gravel filter in 
series was operated (/'= 0.43 and 0.54 m^/m^h, alum dose = 60 to 80 mg/L, pH 8 with calcium 
hydroxide). During the six month monitoring period of the full-scale unit, raw water and gravel 
filter effluent turbidities averaged 1000 and 3 NTU (99.7 % reduction), respectively. However, 
the effects of the pre-treatment on the protection of the SSF runs {i.e. pre-treatment effectiveness) 
were not reported.
Cruz et al. (1998) observed turbidity reductions in die range of 50 to 90 % using an UGFL, 
depending on filtration rate applied. In units operated at 1.0 m^/m^h they found that for 65 hours
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the effluent was consistently below 5.0 NTU and suspended solids less than 2 mg/L. Three alum- 
dosed UGFL studies utilising the Paianoa Lake (Brasilia, Brazil) as a raw water source (Rissoli 
et al., 2000; Amaral et al., 2001; Carvalho et al., 2001) reported turbidity reduction efficiencies 
ranging fiom 48 to 90.3%. None of these studies stated mean turbidity levels for the 
experimental periods in question. Hence, because of the poor statistical descriptions of the 
experiments a better appreciation of the significance of such reductions is not possible. Testing 
different filtration rates on raw waters with turbidities varying fiom 6.8 to 71.0 NTU Di 
Bernardo and Megda (2000) found that the contact UGFL yielded effluents with turbidities 
ranging from 0.28 to 5.23 NTU. The ability to attenuate peaks of up to 350 NTU was 
demonstrated by Di Bernardo et al. (2002). The systems were capable of producing effluents 
within 0.3 and 5.7 NTU with appropriate variations in coagulant dosage. Mwinga et al. (2004) 
also used alum-dosed UGFL to pre-treat slow sand filters. Synthetic kaolin waters were used in 
runs averaging around 50 to 100 NTU and were reduced to 3.30 to 10.8 NTU (run average). 
Slow sand filter effluents fi’om the chemically-enhanced pre-treatment line yielded lower 
turbidity effluents. Of these studies, only two were pre-treatment for slow sand filters (Caiwalho 
et ah, 2001; Mwinga et a l, 2004) and both emphasised on the efficiencies of the pre-filtration 
stage in reducing turbidities and did not report on the impact on the SSF mns.
Algae removal. Rissoli et al. (2000), Amaral et al. (2001), and Carvalho et al. (2001) have 
investigated algae removal. In general these studies revealed that removal efficiencies of up to 
100 % are possible. However, as noted, a poor statistical description of data does not permit a 
full appreciation of its significance. Nevertheless, reported algae removal efficiencies were 
mostly above 80 %.
Microbiological removal. Ingallinella et al. (1998) achieved average faecal and total coliform 
bacteria removals in the contact gravel filter unit of 99 %, with effluent levels between 4 and 7 
CFU/lOOmL, respectively. Contact pre-filter runs by Di Bernardo and Megda (2000) produced 
effluents with less than 10 MPN/lOOmL and less than 798 MPN/lOOmL, for faecal and total 
coliform analyses respectively, from raw waters ranging in concentrations of faecal colifortns of 
up to 86 MPN/lOOmL and total coliforms up to 8604 MPN/lOOmL. The results suggest that 
chemically-enhanced gravel pre-filtration can be expected to achieve bacterial removal of at least 
1 to 2 log units.
Colour reduction. By increasing aluminium sulfate doses, decreasing pH, or both, Ahsan (1995) 
found that chemically enhanced HGF could satisfactorily reduce colour. Colour reductions
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ranged from 65 to 90 % and later studies were in broad agreement with these efficiencies 
(Ingallinella et ah, 1991; Cruz et a l, 1998; Di Bernardo and Megda, 2000). Torabian and Fazeli 
(2004) found that a chemically-enhanced HGF with ferric chloride and powdered activated 
carbon was capable of achieving up to 90 % removal of TOC.
2.3.4 Process mechanisms
Processes relevant to chemically-enhanced gravel filtration. As indicated by the Figures 2.16 
and 2.17, different process can occur at each treatment stage depending on the direct/contact 
filtration mode. One stage common to all treatment trains is the rapid mixing. At this stage of the 
treatment sequence the process in question is coagulation. According to Bratby (1980), this is 
understood to be:
'‘''...the process whereby destabilization o f a given suspension or solution is 
effected. That is the common function o f coagulation is to overcome those 
factors which promote the stability o f a given system.’"
The stability of a suspension is determined by factors related to the particulate, such as its 
surface properties, (i.e. charge) and its size. The chemical properties of the suspension also 
influence the stability of a suspension and include chemical properties such as the pH and 
concentration of other dissolved substances (e.g. Ca^ ,^ Mg^ "*", humics). The influence of the 
particulate and aqueous properties on the stability of a suspension have been discussed under the 
heading Raw water characteristics (see 2.2.3 Filtration theory applied to gravel filters). The 
objective of the coagulation process is to promote the destabilisation of a particular suspension to 
be treated and rapid mixing is utilised as high energy gradients are needed to ensure the mixing 
of the applied coagulant with a short period of time (Weber, 1972; Bratby, 1980).
Upon the addition of a aluminium sulfate (which this study deals with) to water, the coagulant 
will react with the suspension foiming monomeric, polymeric, and solid precipitates in a series 
of hydi'olysis reactions that, cited in Richens (1997). A1 chemistiy is detailed in the next Chapter. 
Four mechanisms of coagulation {i.e. destabilisation) are recognised, viz:
• Double layer compression: refers to electrostatic interaction between the coagulant and 
suspended particle. This mechanism is described by the theoretical DVLO model and the 
empirical Shulze-Hardy rule, which provide a good understanding of some simple 
electrostatic phenomena in coagulation (Weber, 1972). However, unfortunately they are
48
not appropriate to describe phenomena with occur in natural systems (Weber, 1972) or 
water treatment (Letterman et al., 1999).
Absorption-destabilization (or charge neutralisation): this mechanism the net surface 
charge of the particle suspension is reduced by use of a coagulant of opposite charge. As 
the charge is decreased the thickness of the particle’s diffuse layer is reduced and 
consequently the energy required to make particles contact each other is minimized 
(Letterman et al., 1999). However, the principle of this method implies the possibility of 
suspension restabilisation (over-charging) to occur.
Sweep coagulation: involves the enmeshment of the particles in a metal hydroxide 
precipitate. This precipitate is rapidly formed when coagulant concentrations are 
sufficiently high (Weber, 1972).
Adsorption and interparticle bridging: refers to a destabilisation mechanism in which 
bridging occurs when segments of polymers of high molecular weight adsorb on several 
particles (Letterman et al., 1999). This mechanism is mainly applicable when use of 
polymeric coagulants is concerned.
From Figures 2.16 and 2.17 it is apparent that in some treatment trains flocculation occurs in a 
discrete treatment stage an in others this process is thought to take place within the gravel bed. 
Flocculation is defined as (Bratby, 1980):
^\..the process whereby destabilized particles, or particles formed as a result o f  
destabilization, are induced to come together, make contact and thereby form 
large(r) agglomerates""
Hence, in a flocculator the intention is to promote interparticle collision of the destabilised 
suspension and is a conditioning phase prior pailicle separation processes {i.e. sedimentation or 
filtration). This is usually achieved by a gentle mixing conditions also referred to as slow mixing. 
The case where flocculation occurs within the gravel bed can be initially assessed by analysing 
gravel bed fiocculators. In such units the destabilised suspension is subject to mixing conditions 
that favour flocculation of the destabilised paificles in a gravel bed of similar' grading to a gravel 
filter {i.e. 10 to 20 mm). The two mechanisms of flocculation are (Weber, 1972): oilhokinetic 
and perikinetic. The latter is the mechanism by which particle agglomeration is caused by 
interparticle collisions promoted by Brownian motion (Weber, 1972) and is not thought to be
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relevant to gravel fiocculators. Orthokinetic flocculation is thought to be the mode by which 
flocculation occurs within gravel (and granular) filter beds (Graham, 1986; Ayoub and Nazzal, 
1988; Ayoub, 1996). Moreover, within porous media pailicle flocculation (orthokinetic) is 
promoted or induced by a velocity gradient in the fluid as it flows through the filter bed.
The fundamental difference between gravel bed fiocculators and chemically-enhanced gravel 
filters is that in the former the agglomerates are not expected to be retained within the gravel 
bed. This is due to the higher loading rates (in comparison with gravel filters) of these units 
which can vary between 5 to 20 m^/m^h (Ahsan, 1995). Whereas in chemically-enhanced gravel 
filters flocculation and filtration occur within the same gravel bed (Ahsan, 1995). Anyhow, 
gravel bed fiocculators have higher loading rates and utilise headloss through porous media 
equations to calculate energy that is being dissipated and partially utilised in the flocculation 
process.
Headloss is an important operational parameter in filtration. It is usually used as an indicator 
(together with filtrate quality breakthrough) of filtration run end. It is thought that as with gravel 
bed fiocculators, this lost energy (at least part of it) will assist in the in the orthokinetic pore 
flocculation that is expected to occur within the gravel filter. Using a horizontal roughing filter 
Ashan (1995) found that the first gravel compartment, containing the coarsest grading, a 
combination of flocculation and sedimentation occurred. The same should be expected in the up- 
flow mode.
The commonly used parameters of flocculation used in gravel bed flocculator design are the G 
value (root mean square velocity gradient), the flocculation time (t), and their dimensionless 
product Gt (Ayoub and Nazzal, 1988). The effectiveness of flocculation has been considered to 
be proportional to the Gt value of the reactor (Weber, 1974), which can vary in water treatment 
practice between 10"^  to 10 .^ Based on the original formulation of G, according to Camp and 
Stein (1943) and Camp (1955), can be calculated as the following expression in gravel beds 
(Ayoub and Nazzal, 1988):
(Eq. 2.7)vt
where: G = root mean square velocity gradient; 
g = gravitational acceleration;
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Ah = headloss;
V = kinematic viscosity;
t = detention time in bed.
Using headloss measurements and the relevant known parameters Gt values for gravel beds can 
be calculated. An assumption is made that the energy required for particle flocculation would be 
provided by the sinuous flow of the coagulated water through the gravel and can be measured in 
terms of headloss. Theoretically a calibration between Gt values achieved in jar-tests could be 
used to model a gravel bed flocculator. Yet, considering the typical low headlosses observed to 
develop through a conventional gravel filter the applicability of such equation to aid in the 
understanding of flocculation effectiveness in chemically-enhanced gravel filtration may be 
limited.
Finally, filtration together with coagulation and flocculation is the third main mechanism in 
chemically-enhanced gravel filtration considered in Figures 2.16 and 2.17. Filtration is reviewed 
in relation to gravel beds under the heading 2.2.3 Filtration theory applied to gravel filters.
Table 2.10. Criteria for coagulation mechanisms applied to highly turbid water (Ahsan, 1995).
Mechanism Criterion Source:
Adsorption-
destabilisation
EM o f  the pai ticles/flocs between -1 to 
+1 ^m/s/V/cm.
Dentel and Gossett (1988)
Restabilisation EM o f  the particles/flocs >  +1 
pm/s/V/cm.
Amirtharajah and M ills (1982); 
Dentel and Gossett (1988)
Sweep
coagulation
EM o f  most o f  the particles/flocs s  0, 
only a few particles have EM = -1 to +1 
pm/s/V/cm.
Amirtharajah and M ills (1982)
In addition, the residual turbidity ^ 1 % 
o f  initial turbidity {i.e. < 2 NTU).
Alisan (1995)
Optimum sweep 
coagulation
EM o f  the particles = 0, only a few  
particles have positive or negative EM  
(-0.5 to +0.5 pm/s/V/cm), Maximal 
reduction o f  turbidity occurs.
Amirtharajah and M ills (1982)
In addition, residual turbidity <  1 NTU. Ahsan (1995)
Combination 
(sweep & 
adsoiption- 
destabilisation)
Residual turbidity is not as low as in 
sweep coagulation zone, however, some 
degree o f  charge reduction and 
coagulation occurs.
Amirtharajah and M ills (1982)
Residual turbidity in jar-test <  10 NTU. 
This condition would produce an 
acceptable DHRF effluent.
Ahsan (1995)
EM = electrophoretic mobility; DHRF =  direct horizontal-flow roughing filtration.
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Coagulation mechanisms in chemically-enhanced gravel nitration studies. Many studies of 
chemically-enhanced gravel filtration consider that destabilisation mechanisms occur within the 
gravel bed. This section reviews such studies in light of the coagulation mechanisms previously 
described. Di Bernardo and Isaac (2001) citing several studies (Amirtharajah and Mills, 1982; 
Edwards and Amirtharajah, 1982; and Amirtharajah, 1989), stated that when aluminium or iron 
salts are added to water under specific dosage and pH conditions, several hydrolytic species are 
formed. These adsorb or form surface complexes on colloid surfaces, destabilising them, by the 
mechanism known as charge neutralisation or adsorption-destabilisation. The other stated 
coagulation mechanism is that of sweep coagulation, in which at sufficiently high dosages, a 
precipitate of the metallic salt utilised is formed and physically sweeps the colloid particles from 
suspension. In the case of true colour of humic origin, the charge neutralisation mechanism (and 
precipitation) may lead to the formation of an aluminium humate precipitate at lower pH values 
(between 4 to 5). The mechanism of sweep coagulation is the result of the physical attachment of 
the colour-causing molecules to aluminium hydroxide precipitate at pH values ranging from 5.5 
to 7.0.
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Figure 2.18. Stability diagram for A! coagulation with high turbidity 
waters (200 NTU using kaolin in tap water; Ahsan, 1995).
The criteria for the different coagulation mechanisms reviewed by Ahsan (1995) are summarised 
in Table 2.10. This Table is based on the work of Amirtharajah and Mills (1982) with 
appropriate modifications to take into consideration the mechanisms in waters of higher turbidity 
(i.e. 200 NTU). Ahsan (1995) also produced an integrated coagulation diagram (Figure 2.18) 
also based on the original diagram of Amirtharajah and Mills (1982) that used waters of lower 
turbidity (i.e. 15 to 25 NTU).
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A study by Mendes (1985) on direct up-flow sand filtration revealed that coagulation by charge 
neutralisation is a more appropriate mechanism of coagulation than sweep coagulation. Ahsan 
(1995) concluded that the usual coagulation mechanism in chemically-enhanced HGFs was that 
of combined sweep and adsorption-destabilisation. However, Di Bernardo and Kuroda (2002) 
and Gusmâo and Di Bernardo (2004) did not achieve charge neutralisation measured in terms of 
zeta potential and contended that the observed coagulation mechanism was adsorption with 
partial charge neutralisation.
2.3.5 Process control/maintenance
Coagulant dosage. Ingallinella et al. (1991) found that the jar-test overestimated coagulant 
dosing rates required for enhancing pre-treatment in gravel filters. These findings were not 
entirely unexpected, as the jar-test mimics a conventional water treatment process (le. rapid mix, 
slow mix, and sedimentation). Hence the jar-test determines optimal coagulation conditions (i.e. 
coagulant dosage and pH) for sedimentation, not necessarily for filtration. Odira et al. (1987) 
also used the jar-test for optimum coagulant dose determination for gravel pre-filters and found 
that results pointed to the use of different doses than actually necessary. According to Cleasby 
and Logsdon (1999), conventional jar-tests can often be misleading for direct filtration dose 
determination, but jar-tests and filter paper filtration can be somewhat better.
Di Bernardo et al. (2000) and Di Bemaido and Isaac (2001) have described alternative tests to be 
utilised for dosage determinations. These consist of an inline sampler thr ough which analyses of 
coagulant-dosed water by filtration tests and zeta potential determinations indicate optimal 
dosages and pH. Apparently, this is more effective than the jar-test. However, if coarse media 
contact filtration is to be a simple technology it should also have a simple process control. Some 
of the dosage selection methods for two-stage filtration mentioned by Kawamura (1985) were 
the visual determination of the doses that produced a pinpoint floe and the use of filter papers.
Filter cleaning. Like gravel filtration one of the problems in contact media filtration in layers is 
the restoration of hydraulic head after the cleaning procedure, this is reported by Ahsan (1995), 
Rissoli et al. (2000), Amaral et al. (2001), and Carvalho et al. (2001). The main problems 
occurred in the finer gravel portions. Finer gravel layers are located higher up in the filter, 
resulting in a lower hydraulic head to drive solids out of the interstitial spaces. Furthermore, 
most filters studied did not utilise a false bottom, rather a coarser gravel fraction was used as a
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support layer. False bottoms (or raised floors) have been said to assist in hydraulic cleaning of 
gravel filters (Clarke et ah, 1996a).
Di Bernardo and Isaac (2001) discussed the use of intermediate hydraulic down flushings during 
filter runs in order to prolong their length. This method consists of bypassing the influent and 
simultaneously performing down-flow discharges in the filter to displace solids. However, only a 
partial restoration hydraulic head is obtained. Ahsan (1995) found that surface washing of the 
gravel bed to be an appropriate filter cleaning technique. However, there could be practical 
constraints in adopting such a cleaning method.
2.3.6 Coagulant residuals
Chemically-enhanced gravel pre-filtration studies have not adequately addressed the potential !
impacts of aluminium sulfate residuals on the treatment offered by a downstream slow sand 
filter. Several studies did not even consider the possibility, with the exception of Carvalho et al.
(2001) and is described in detail. The investigation aimed at evaluating the use of aluminium 
sulfate to enhance the performance of the MSF system for sources with seasonally high tmbidity 
or algal concentrations. This study utilised an UGFL to as a pre-treatment for slow sand 
filtration. The experimental setup included to UGFL units, where one unit was enhanced with 
aluminium sulfate (doses vaiying between 3 to 11 mg/L of anhydrous aluminium sulfate 
determined by jar-tests -  procedure not reported) and the other served as a control. Filtration {
rates applied varied between 0.5 to 4.0 m^/m^h, as indicated in Table 2.9 where gravel grading is I
also specified. The filtration rates employed were in a wider range than typically utilised for !
conventional gravel filtration {i.e. 0.5 to 2.0 mVm^h). Slow sand filter units in both series were j
covered and operated at a filtration rate of 0.125 m^/m^h. During the period of the study the raw j
water turbidity varied between 2 and 42 NTU (no mean reported) and algal concentration varied 
between 3.8 to 40.8 pg/L of chlorophyll-a (no mean reported), which is commonly used to I
represent algae concentrations. ;
The pre-tieatment performance of the study of Carvalho et al. (2001) achieved reported average 
turbidity reductions ranging fiom 64 to 82 % and 77 to92 % for the control and alum-dosed 
series, respectively. Algal removal ranged from 72 to 86 % and 80 and 100 % for the control and I
alum-dosed series, respectively. However the reported complete {i.e. 100 %) algal removal may i
have to do with low initial concentrations (not reported for the specific run) in the raw water and 
the detection limit of the method utilised for chlorophyll-a determination (not reported). The
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downstream slow sand filters both produced effluents with less than 1 NTU (means not reported) 
and 0.4 and 0.2 pg/L of chlorophyll-a (average) for control and chemically-enhanced pre-treated 
slow sand filters, respectively. It was apparent that the chemically-enhanced pre-filter was more 
efficient, but the effective protection of the slow sand filter was not evident from the SSF 
headloss data that could not be associated with any slow sand filter influent quality data. In fact, 
headloss development in the two slow sand filters were similar and this may have to due with the 
fact that apparently in the 47 day run the pre-treatment stage was enhanced with aluminium 
sulfate in only 9 days.
The study of Cai*valho et al. (2001) acknowledged that the aluminium sulfate dosing could affect 
the microorganisms of the slow sand filter. Core samples from the slow sand filter beds were 
analysed for COD, organic carbon (assumed total - TOC), and observation of the schmutzdecke 
through microscopy in order to verify any differences between the slow sand filters. The core 
samples from chemically-enhanced pre-treated slow sand filter had a higher COD and TOC 
content than the control filter in general, but the statistical significance of the differences was not 
determined. Moreover, the analyses of COD and TOC are not loiown to be conventional methods 
of biological activity assay. Rather these methods are most probably measuring the properties of 
retained particulate matter in the filter bed, as opposed to an adequate indicator of biological 
activity. Microscopy revealed a higher number of organisms in the chemically-enhanced pre­
filtered slow sand filter core sample. It was concluded that A1 residuals did not affect the 
ecosystem of the slow sand filter. A1 residual data is presented at the end of the publication and 
its variation in the chemically-enhanced pre-filter effluent was between 0.03 and 0.08 mg/L as 
Al. Neither the method of determination nor the fraction measured {e.g. dissolved or total Al) 
was specified. It is thought that the approach of Carvalho et al, (2001) to the possibility of 
toxicity to the SSF ecosystem was inadequate. Fundamental aspects for such approach, such as 
further aspects of aluminium chemistry, bioavailability, and toxicity are discussed in the next 
chapter.
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3 ALUMINIUM LITERATURE REVIEW' ^
3.1 Introduction
Aluminium is one of the most ubiquitous elements in nature being the most abundant metal and 
the third most plentiful element in the Earth’s crust. It is a ubiquitous substance in the 
enviromnent present in sediments, suspended solids, and also dissolved in waters. A1 has a 
variety of applications in different areas, viz.\ metallurgy, food processing, water treatment, 
textiles, and the chemical and pharmaceutical industries.
A1 in the form aluminium sulfate (alum) is widely used in water treatment as a coagulant. Its use 
in municipal water supplies dates to the last quarter of the 19‘^  century (Baker, 1948), although it 
was already an ancient clarification practice at small-scale/household level. However, oblique 
references to other uses of alum (paper making) date back to 2000 B.C. in Egypt (Balston, 1998); 
in this case it is likely that alum refers to its ammonium or potassium double salt form. Alum has 
also been utilised as a mordant in the process of dyeing fabrics and for softening leather.
Despite the existing debate on the health related, implications of A1 in drinking water, other 
problems associated with elevated concentiations of A1 in treated waters have been listed by 
Driscoll and Letterman (1988) and Van Benschoten and Edzwald (1990). These include 
increased turbidity (Costello, 1984), reduced disinfection efficiency (Hoff, 1977), and the loss of 
hydraulic capacity in the distribution system (Hudson, 1966; Costello, 1984; Fitch and 
McCollum, 1986). The post-precipitation of A1 in distribution systems and its possible protective 
effects against corrosion products {e.g. Pb and Cu) have been reviewed recently by Snoeyink et 
al. (2003). Their study showed that despite uncertainty concerning the protective qualities of A1 
scales, evidence suggests that deposits containing A1 are at least not detrimental towards the 
release of Pb and Cu in distribution systems.
' Parts o f  this Chapter have submitted as D orea, CC. (2 0 0 5 ). “A lum in iu m  residuals in fin ish ed  w aters.” E n g en h a ria  
S a n ita r ia  e  A m b ie n ta l  (In Portuguese).
 ^ T he rev iew  w ill provide a basis on  w h ich  to a ssess  the im pact o f  A1 residual on  the b io lo g ica l treatm ent in SSF. 
For the sake o f  thoroughness, the debate on the e ffec ts  o f  A1 on hum an health is briefly  presented. T he residual 
lev e ls  generated in the proposed chem ica lly -enh anced  pre-filtration should  be at the sam e lev e l o f  “conventiona l” 
coagu la tion /floccu la tion  treatm ent sch em es. T hus, the concern is focu sed  tow ards the organism s responsib le  for 
purification p rocesses in SSF . B a sic  A1 aqueous chem istry  and b ioavailab ility  are exam in ed  in relation to cond itions  
and the b iota present in s lo w  sand filters. T he determ ination and fractionation o f  A1 as w e ll as so m e aspects o f  its 
leg isla tion  are a lso  presented.
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3.2 Aluminium (and alum) chemistry
Al can occur in water treatment either naturally in the raw water or as the added aluminium 
sulfate in the case of chemical coagulation. In raw waters it can be present in dissolved or 
particulate form. The dissolved fraction can be relatively small when compared to the particulate 
form (Gardner and Gunn, 1995; Srinivasan et al., 1998). In finished waters most of the A1 is in 
the dissolved form and particulate A1 consists mainly of precipitated amorphous materials. Yet, 
A1 salt coagulation does not necessarily increase the total A1 concentration (Miller et al., 1984; 
Schenk et al., 1989). The existing particulate A1 in alum-treated finished waters (i.e. A1 
hydroxides) is more prone to resolubilisation than the more thermodynamically stable A1 mineral 
particulates present in the raw water (Van Benschoten and Edzwald, 1990; Reiber et al., 1995). It 
is also worth noting that the residual A1 leaving a treatment plant (utilising aluminium sulfate) is 
not necessarily greater than the amount of A1 naturally present in raw water (Reiber et al., 1995).
Alum can exist with several degrees of hydration, the most common being Al2(S04)3T 8H2Ü and 
is readily soluble in water. Commercial aluminium sulfate solutions have concentrations around 
2 mol/L. O’Melia (1977) states that at this concentration A1 is mainly found in its aquo fonn or 
complexed with S04 '^. In solution, alum displays all the chemical properties that its individual 
components show separately (Helmboldt et ah, 1985). Hence, aluminium sulfate chemistry may 
be considered in a similar manner as A1 chemistry.
Table 3.1. A1 equilibria reactions (Baes and Mesmer, 1976).
Reaction log K (25 °C)
A P  +  H2O -4.97
A 10H^+ + H2O <4- A 1(0 H)2^  + -4.3
Al(OH)2+ +  H2O <-> A1(0H)3 +  H+ -5.7
A1(0H)3 + H2O 0  A 1(0 H)4-+ h"- -8.0
2A f+  + 2H2O 0  Al2(0H)2"+ + 2H+ -7.7
3A f+  + 4H2O 0  Al3(OH)4®^ +  4H^ -13.97
13Af^ + 28H2O A1,304(0H)2/^ +  32H+ -98.73
A l(0 H)3(am) A f+  +  30H ' -31.5 (estimated)
A l(0 H)3( c ) ^ A f +  + 30H ' -33.5
The only accessible oxidation state of A1 in biological systems is 3+ (Martin, 1986); being far 
too reactive to be found on its own in nature. When added to water, A1 reacts to form 
monomeric, polymeric, and solid precipitates in a series of hydrolysis reactions that, cited in 
Richens (1997), can be thought of as a series of deprotonations of water molecules in the primary 
hydration shell {i.e. six octahedrally coordinated H2O molecules -  A1(H20)6^^). For the sake of 
convenience, the hydration shell is omitted hereafter and consequently A1(H20)6^  ^becomes Af^. 
The deprotonation occurring during hydrolysis should decrease the pH (Table 3.1), as there is an
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increase in ions. However, the presence of bicarbonate (HCO3 ) ions, the main constituent of 
natural alkalinity, will buffer the pH due to the following reaction: H^ + HCO3' o  CO2 + H2O.
According to Baes and Mesmer (1976) the equilibrium of A1 in water can be accurately 
explained by five monomeric (Al^\ AlOH^^, Al(OH)2^ , A1(0 H)3, and A1(0 H)4") and three 
polymeric (Al2(OH)2'*^ , Al3(0 H)4^ ,^ and Ali304(0 H)24^  ) species plus a solid precipitate 
(A1(0 H)3(s)). The hydrolysis reactions and equilibrium constants of Al^ "^  in water are listed in 
Table 3.1. Yet, it should be noted that constants for each of the hydrolysis reactions can have 
significant discrepancies between published values, as shown by Wesolowski and Palmer (1994 
-  cited by Gregory and Duan, 2001).
Figure 3.1a shows the effect of pH on mononuclear species distribution in aqueous solutions 
according to figure published in Gregory and Duan (2001). Depending on the pH and A1 
concentration in solution (not specified for Figure 3.1a), the most dominant species can be the 
Al^ "^  and A1(0 H)4‘. It can be seen, in the case depicted in Figure 3.1a, that the former dominates 
at pH < 5 and the latter at pH > 6.2; between these two pH values there is a mixture of species.
1.0-1 0 -
0.8  -  
I  •tS
C -2-
£ c  -4- / ai(OH);AI(OH),'(U "*o
AI(OM),A I(O H )‘
A I(O H ),
0.0 1102 4 0 □ 2 4 0 8 10
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Figure 3.1(a and b). Distribution o f  monomeric A1 hydrolysis products as a fonction o f  pH (a -  left) and concentration 
o f  soluble A1 species in equilibrium with amorphous hydroxides (b -  right) (source: Gregory and Duan, 2001),
Concentrations of the monomeric hydrolysis products in equilibrium with the amorphous A1 
hydroxide over a range of pH values are shown in Figure 3.1b. The minimum solubility of A1 
occurs at approximately pH 6, but so far only the distribution of monomeric species has been 
considered. Polynuclear species may also form, as well as complexes with other dissolved 
substances {i.e. fluoride, phosphate, sulfate, and certain organic anions).
The polynuclear A1 species that can be formed include the dimer, Al2(0 H)2'^ ,^ and the trimer.
Al3(OH)4^ .^ At low total A1 concentrations the solution compositions of the monomeric species
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are not greatly affected by the presence of these polymeric species (Gregory and Duan, 2001). 
Moreover, other species such as Al6(OH)i2' have been proposed, but their existence has not been 
convincingly demonstrated. This hexamer can be considered as an intermediate species in the 
conversion of soluble metals into solid precipitates in very slow reactions (Gregory and Duan, 
2001). Hence, Al6(OH)i2’ may not be an important species in the context water treatment with 
aluminium sulfate. However, Ali3Ü4(OH)24^ '^  is the most effective polymeric species in water 
treatment (Dempsey et al., 1984; Gregory and Duan, 2001; Jiang, 2001).
Considering the specific conditions necessary to form the tridecamer (i.e. heating, special 
mixing, lengthy storage times) and the times involved in “conventional” aluminium sulfate 
treatment (order of hours), its occurrence is not significant (Dempsey et al., 1984; Gregory and 
Duan, 2001) at near neutral pH. Noting, however, that Van Benschoten and Edzwald (1990) 
consider that polymeric species may be formed in situ. There is no doubt that polymers (e.g. 
All3) are present in waters treated with pre-hydrolised coagulants, such as polyaluminium 
chloride -  PACl (Dempsey et al., 1984; Van Benschoten and Edzwald, 1990; Gregory and Duan, 
2001; Jiang, 2001). It seems plausible to assume that in water treatment, monomeric hydrolysed 
species predominate in solution and that amorphous precipitates form without the involvement of 
A1i3 species (Gregory and Duan, 2001).
Commercial aluminium 
sulfate solution Al'+Also/ Complexation with ligands 
other than hydroxide
A1(0H)2^^
Alz(OH)/"
A I(0H )4-
© Charged microcrystal or amorphous gel 
A1(0H)3
A1F^+
[A1 organic anion]^
Adsorption and 
possibly surface 
precipitation
Coagulation or 
deposition
Electrostatically 
charged aluminium 
hydrolysis products
Surface of particulate matter
Figure 3.2. Conceptual model o f  Ai transformations in water treatment (Driscoll and Letterman, 1988).
The A1 chemistry described so far has not considered the complexation of A1 with other ligands. 
It is known that complexes can be formed with fluoride, phosphate, sulfate, and organics. 
Driscoll and Letterman (1988) have proposed a conceptual model to explain the chemistry and 
fate of A1 during water treatment. They consider that alum undergoes transformations along a
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number of pathways (Figure 3.2). These transformations depend on factors such as the dose of 
alum, pH, temperature, types and concentrations of dissolved substances, and the types and 
surface areas of the particulate matter in suspension.
The description of Driscoll and Letterman's (1988) conceptual model follows. When added to 
water the aluminium sulfate will either form hydrolysis products (pathway A) or in acidic 
conditions in the presence of high concentrations of complexing ligands {e.g. F", S04 ‘^, P04 '^, 
humic substances) follow pathway B. Both of these reactions are thought to occur rapidly. The 
hydrolysis products are considered to be mainly the intermediate reactants in the formation of 
polymeric species and amorphous precipitates (pathways A and C, respectively). The interaction 
with the particle surfaces can be either that of adsorption (pathway D) or the formation of a 
precipitate, A1(0H)3, in pathway D. The coagulation or deposition (pathway E) occurs with 
sufficient reaction times and decreases the concentration of the hydrolysis products. High 
concentrations of Al-complexing ligands in the water can lead to high levels of dissolved A1 
complexes that are not removed by filtration (pathway F). This is reported to be the case in 
treatment systems applying high alum dosages for the removal of colour-causing substances, 
noting that pH adjustment has been used to minimise the A1 residuals in such cases (Costello, 
1984). Jekel and Heinzmann (1989) have demonstrated how the dissolved organic carbon can 
increase A1 residuals particularly when pre-ozonation is practiced.
Temperature can have an effect on residual A1 levels due to its influence on the rate and extent of 
the reactions (Driscoll and Letterman, 1988). Moreover, in general, low temperatures can hinder 
rates of coagulation and hydrolysis reactions which could result in an increase in the residual Al, 
as the formation of settleable and filterable precipitates could be retarded. Morris and Knocke 
(1984) studied the effects of temperature on the efficiency of the aluminium sulfate coagulation. 
They concluded that low temperature conditions (no range given) did not inhibit the rate of Al 
precipitation in jar-tests. Furthermore, at 1 °C residual total Al concentrations increased 
significantly when high doses were applied. As the soluble Al remained typically below 0.5 
mg/L, the increased total residual was attributed to precipitated Al.
The surface area of particulate matter in suspension can also have an influence on total Al 
concentration. The suspensions with a high surface area to total Al ratio will adsorb much of the 
metal onto the smface of the particulates, which given sufficient time would be readily settleable 
(Driscoll and Letterman, 1988). Moreover, at low ratios, much of the Al may remain 
unassociated with the surfaces. Also, the charge of the unabsorbed Al species would be
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important, as a high charge would have its coalescence to the pai*ticle minimised due to the 
coating of the already adsorbed species (of the same charge) on the particle.
3.3 Aluminium determination
The most commonly used instrumental techniques for Al determination are UV-Visible 
absorbance spectrophotometry (UV-Vis. abs.), fluorescence spectrophotometry 
(spectrofluorimetry or fluorimetry), atomic absorption spectrophotometry (AAS), inductively 
coupled plasma atomic emission spectrometry (ICP-AES), and inductively coupled plasma mass 
spectrometry (ICP-MS). Boaventma and Dorea (2003) have compared different operational and 
technical aspects of Al analysis (Table 3.2).
Table 3.2. Characteristics o f  Al determination methods (adapted from Boaventura and Dorea, 2003).
Technique Fluorimetry UV-Vis. AAS GFAAS ICP-AES ICP-MS INAA(mg/L) (mg/L) (mg/L) (rag/L) (mg/L) (mg/L) (mg/L)
Limit o f  detection 0.13x10" 0.1 0.06 0.00003 0.03 0.003 20
Degree o f  complexity Simple Simple Medium Complex Simple Medium Complex
Cost o f  equipment Low Low Medium High High Very Very
Cost/analysis Medium/high Medium/high Low High Low Medium High
Analyst skill Minimal Minimal Minimal High Intermediate High High
Length o f  time High High Low High Low Medium High
UV-Vis. Abs = UV-Visible absorbance spectrophotometry; AAS =  atomic absorption spectrometry; GFAAS = graphite 
furnace atomic absorption spectrometry; ICP-AES = inductively coupled plasma atomic emission spectrometry; ICP-MS =  
inductively coupled plasma mass spectrometry; INAA = instrumental neutron activation analysis.
Of the methods in Table 3.2, UV-Visible absorbance spectrophotometry (refened to as 
spectrophotometry fi'om here on) can offer a simple and relatively inexpensive, yet very sensitive 
analytical tool for the determination of Al. This technique relies on the reaction of Al with an 
organic complexing agent (e.g. aluminon or aurintricarboxilate, eriochrome cyanine R, 8- 
hydroxyquinoline, pyrocatechol) and measmement of the light absorbance of the alumino- 
organic complex. Bloom and Erich (1989) pointed to the fact that the absorbance is generally 
sensitive to changes in the pH and hence the analytical solutions should be buffered at the pH 
value of maximum absorbance. For example, according to Marczenko (1976), the maximum 
absorbance of the Al complex with erioclirome cyanine R occur s at a naiTow pH range of 6.1 and 
6.2; the absoptivity of the complex drops at higher and lower pH values. Also, interferences 
caused by several ions can affect readings (Bloom and Erich, 1989). These interferences are 
usually reduced by specific sample treatment procedures. Dougan and Wilson (1974) consider 
phosphates and fluoride to be the main sources of error in the spectrophotometric determination 
of Al. It is worth noting that the limit of detection of Al by spectrophotometry in Table 3.2 is a 
general and consei-vative figure, as no spectrophotometric method is specified. Lower limits of 
detections can be encountered in the literature, varying according to the chromagen utilised:
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0.006 mg/L using eriochrome cyanine R (APHA et al., 1995); 0.0002 to 0.013 mg/L using 8- 
hydroxyquinoline (Bloom et al., 1978; May et al., 1979; Van Benschoten and Edzwald, 1990); 
0.003 to 0.010 mg/L using pyrocatechol violet (Dougan and Wilson, 1974; APHA et al., 1995).
According to Tikhov (1973 -  cited by Bloom and Erich, 1989), eriochrome cyanine R is reported 
to be the most sensitive of the reagents for Al determination. A spectrophotometric method 
utilising this chromogen is recommended by the Standard Methods for the Examination o f Water 
and Wastewater (APHA et al., 1995). Yet, without sample pre-treatment, this method can suffer 
interference from phosphates, fluoride, iron, manganese, and alkalinity. Proceduies for the 
removal of the cited interfering substances are detailed in APHA et al. (1995).
Bloom and Erich (1989) consider the most sensitive method of spectrophotometric determination 
of Al as being those based on the extraction of the 8-hydroxyquinoline (oxine) complex into an 
organic solvent (e.g. chloroform, toluene, butyl acetate) phase. The extraction procedure adds 
another step to this teclmique; yet, from a practical point of view it requires fewer steps than the 
eriochrome cyanine R method (APHA et al., 1995). The 8-hydroxyquinoline complexing 
technique does not suffer from phosphate interference at the typical extraction pH values of 
either 5.0 or 8.3 (Bloom et al., 1978; May et al., 1979). However, this method is not free from 
interferences, as iron, manganese, copper, humic and fulvic acids, and fluoride in certain 
concentrations and conditions described elsewhere (Bloom and Erich, 1989) can also affect the 
absorbance readings.
The spectrophotometric determination of Al using 8-hydroxyquinoline complexing seems to be 
an adequate substitute for the “standard” eriochrome cyanine R method (APHA et ah, 1995). 
That is, it can be less susceptible to interferences. Moreover, a procedure for the determination 
and fractionation of Al during water treatment using spectrophotometry has already been 
developed (Van Benschoten and Edzwald, 1990).
3.4 Aluminium fractionation
The chemical spéciation of Al is of particular interest as the form in which this metal is present 
in waters regulates its solubility, bioavailability, and toxicity (Health Canada, 1998). The typical 
determinations of “total” and/or “dissolved” Al in samples may be of limited significance 
depending on the objective of the analyses. In general, it is difficult to make analytical 
determinations of individual Al species (Van Benschoten and Edzwald, 1990; Reiber et ah, 
1995). Yet, by different fractionation methods, groups of Al species can be isolated and
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quantified (Figure 3.3). In Figure 3.3 an acidification step is utilised to dissolve as much as 
possible the particulate Al. this procedure should also dissociate any ligands fiom the Al making 
it available for association with the colour-forming complex. When acid digestion is not 
employed only the monomeric Al will bind with the colour-forming complex (Fraction C in 
Figure 3.3). The determination of different aqueous Al forms consists of an operationally defined 
fractionation procedure later reviewed in this Chapter {e.g. membrane filtration, ion exchange, 
dialysis membrane separation) and an analytical quantification of the Al concentration of the 
specific fraction.
Acid Filter
Acid
Sample
Acid Ion exchange
Spectrophotometric procedures
A -T ota l 
reactive
A -  B = particulate
B -  C = polymeric-colloidal and strongly bound organic 
B - D  = dissolved inorganic 
C -  E = dissolved inorganic monomeric
B -T ota l 
dissolved
C -  Dissolved 
monomeric
D -  Dissolved 
organic
E -  Dissolved
organic
monomeric
Figure 3.3. Al fractionation procedure (Van Benschoten and Edzwald, 1990).
The two major groups into which Al can be divided are the particulate (Alp) and dissolved ( A I d )  
forms. The sum of these two fi'actions makes up the total Al ( A I t) .  It should be noted that the 
definition of the dissolved fiaction is not clear-cut. This fraction has been operationally defined 
as the Al passing through different pore-size membrane filters, varying by author: 0.05 pm {e.g. 
Jekel and Heinzmann, 1989); 0.1 pm {e.g. Bloom and Erich, 1989); 0.22 pm {e.g. Van 
Benschoten and Edzwald, 1990); or 0.45 pm {e.g. APHA et al., 1995; Gardner and Gunn, 1995; 
Dixon and Gardner, 1998).
Van Benschoten and Edzwald (1990) has referred to various studies (Barnes, 1975; Hydes and 
Liss, 1977; Wagemami and Brunskill, 1975; Kennedy and Zellweger, 1974) to point out that 
concentrations of dissolved metals usually decrease with smaller pore size filters. This has also
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been experimentally verified by Jekel and Heinzmami (1989) and Kvech and Edwards (2002). 
Bloom and Erich (1989) drew attention to the fact that colloidal minerals containing Al can still 
interfere with the AId fraction even by filtration thi'ough membranes with 0.1 pm pore-size. 
Uncertainty regarding operational definition of dissolved Al has lead some (e.g. Campbell et al., 
1983; George et al., 1995) to adopt the term “filterable” rather than “dissolved” Al.
Table 3.3. Aluminium fractionation in drinking water (Reiber et al., 1995).
Investigators Al-fraction group Procedure Fraction groups determined by difference
Driscoll (1984) 1. Total reactive Al
2. Total monomeric 
Al
3. Cation-exchange- 
treated monomeric 
Al
Acid digested at pH 1 for 1 h
No acid digestion, extraction 
with 8-hydroxylquinoline
Passed through a strongly acidic 
cation exchange resin
Fraction 1 -  fraction 2 =  concentration o f  
acid-soluble Al, including colloidal, 
polymeric Al, strong alumino-organic 
complexes
Fraction 2 -  fraction 3 =  labile monomeric 
Al, including free Al, monomeric 
aluminium sulfate, fluoride, and 
hydroxide complexes
Fraction 3 =  the nonlabile monomeric Al; 
also called monomeric alumino-organic 
complexes
Van Benschoten 
and Edzwald 
(1990)
4. Total reactive Ai
5. Total dissolved Al
6. Dissolved 
monomeric Al
7. Dissolved 
organically bound 
Al
8. Dissolved organic 
monomeric Al
Soluble Al after a 1 h digestion 
at pH 2 
Acid-soluble Al in a filtered 
sample, 0.22 pm pore size
Filtered sample, no 
acidification, rapidly 
extracted with 8- 
hydroxylquinoline
Filtered sample passed through 
a column with a strongly 
acidic cation exchange resin 
and acidified before analysis 
Filtered sample passed through 
same resin described in 
fraction 7 and analyzed 
without acidification
Fraction 4 -  fraction 5 =  particulate Al
Fraction 5 -  ftaction 6 =  polymeric and 
colloidal and strongly bound organic 
fraction
Fraction 6 =  labile monomeric Al species 
such as free Al, monomeric aluminium 
hydroxide, fluoride, sulfate, and 
monomeric organically bound Al
Fraction 5 -  fraction 7 =  dissolved 
inorganic Al
Fraction 6 -  ftaction 8 = dissolved 
inorganic monomeric fr action
Gardner and Gunn 9. Total Al 
(1991) 10. Dissolved Al
11. Low-molecular- 
weight Al
12. Chemically labile 
Al
Acid digestible 
Filterable through a 0.45pm  
pore-size filter
Dialysis through a 1000 
molecular-weight-cutoff 
membrane 
Measured by speed o f  reaction 
with an Al-binding agent
Reiber et al. (1995) summarised the ftactionating procedures of three studies in Table 3.3. It can 
be seen that different Al fractions can either be directly determined by analytical procedures 
(columns 2 and 3) or calculated by difference (column 4). Different studies have further divided 
the dissolved Al fraction to differentiate between the organic (non-labile) and the inorganic 
(labile) Al. The latter form is also known as the “reactive” fraction (Gardner and Guim, 1991). 
The techniques of the studies reviewed by Reiber et al. (1995), which were considered for this 
study because of their relative simplicity, are described here, namely; strongly acidic cationic
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exchange resin and dialysis. Other methods of fractionation such as those based on rates of 
reaction with complexing agents, the use of fluoride ion-selective electrodes, and morin are 
discussed elsewhere (Bloom and Erich, 1989).
Driscoll and Letterman (1988), Van Benschoten and Edzwald (1990), and Srinivasan and 
Viraraghavan (2002) have applied a cation-exchange column separation method using a strongly 
acid resin to differentiate between dissolved inorganic and organic Al in water treatment 
processes. The methodology utilised in these studies are mainly derived from the work of Barnes 
(1975) and Driscoll (1980). The principle of the procedure is that the inorganic complexes of 
monomeric Al (e.g. hydroxyl, fluoride, and S04 '^) react rapidly with the resin, whilst the 
organically complexes react slowly (Driscoll, 1984). Hence, the column effluent should consist 
of organic forms of Al. The inorganic fraction is then computed by difference. A total of nine 
fractions (Figure 3.3 -  explained in Table 3.3) of Al can be determined following the 
methodology described by Van Benschoten and Edzwald (1990).
The use of dialysis (and ultrafiltration) membranes is another fractionation technique that relies 
on the physical separation of fine colloidal Al and Al bound to the macromolecular structures of 
humic and fulvic acids from the remainder of the solution (Bloom and Erich, 1989). Hence, it 
would be expected that dialysed Al would be of monomeric inorganic species. However, use of 
these membranes must be undertaken with care to avoid problems such as contamination of 
membranes, sorbtion of metals onto the membranes, a rise in pH due to the degassing of CO2 and 
dilution within the dialysis bag (Bloom and Erich, 1989). Gardner and Gunn (1991 and 1995) 
utilised this method to fr actionate Al in samples of raw, treated, and distributed drinking waters 
under the assumption that the dialysible Al (low MW Al) could be taken up more readily by the 
human body. From a practical viewpoint, dialysis is a slow process (Bloom and Erich, 1989; 
Pickering, 1995) and as such may not be suitable for some applications.
Driscoll and Schecher (1988) report exponentially increasing concentrations of inorganic 
monomeric Al witli decreasing pH (below 5.5) in a natural water source. Organically-bound 
monomeric Al was foimd to vary linearly with strong correlations to total and dissolved organic 
carbon in two different somces (Driscoll and Schecher, 1988). There is insufficient data in 
relation to monomeric Al (inorganic and organic) and water chemistry to permit a conelation to 
be established in Al residual fractionation studies of coagulated waters. However, in general, 
inorganically-bound Al was found to be the predominant species and organically-bound Al
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typically occurs at low dissolved organic levels (Van Benschoten and Edzwald, 1990; Driscoll 
and Letterman, 1995).
3.5 Toxicity and bioavailability
Bioavailability of a substance has been defined by Exley and Birchall (1992) as a measure of its 
potential to interact within a biological system and to cause a concomitant response. According 
to the US EPA (2005), bioavailability of a substance is its “degree o f ability to be absorbed and 
ready [readiness] to interact in organism metabolism^ The (potential) bioavailability of a 
substance is organism-specific; it is not a property of the substance on its own, rather the 
response of an organism to the substance (in a particular form sometimes, i.e. spéciation). For 
example, particulate Al has a low bioavailability to humans since in this chemical form Al is not 
absorbed in the gastrointestinal lumen.
From a physiological point of view, in general, substances can be grouped in two major 
categories: essential and non-essential. Essential elements or compoimds can affect an organism 
when underprovided or in excess of its optimal habitual exposme. Non-essential substances can 
cause no effect, but at some concentration it will cause harm to the organism, as is the case with 
Al. When in excess, the degree to which a substance or mixture of substances can hann is 
defined as its toxicity (US EPA, 2005). The substance’s content in an organism is dictated by the 
exposure to the substance, its ability to conserve itself in the organism, and the ability of the 
organism to regulate its concentration.
It is generally accepted that biological systems do not require Al to function properly (Wood 
1984; Wood, 1985; Eichenberger, 1986). Much of the research on Al toxicity and bioavailability 
has been directed either to the effects of the metal on humans {e.g. Reiber et al., 1995) and other 
organisms, particularly aquatic fonns {e.g. Gensemer and Playle, 1999). However, few studies 
contemplate the effects of Al on aquatic microorganisms with the exception of algae. Hence, the 
existing literature was reviewed as a guide to assess the possible effects of Al on aquatic 
microorganisms, particularly those relevant to slow sand filtration. Health effects of Al in 
drinking water are briefly overviewed for thorouglmess of the review, as this study deals with an 
alum-based drinking water treatment system.
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3.5.1 Effects on microorganisms
It is generally accepted that the free (hydrated) Al ion is the form which is most toxic to aquatic 
life (Florence and Batley, 1980; Srinivasan and Viraraghavan 2002). According to the WHO 
(1997), “The aluminium species that are most toxic to aquatic organisms are believed to reside 
in the reactive monomeric inorganic aluminium fraction and to consist principally o f aluminium 
hydroxy complexes (Helliwell et al, 1983; Fairman et al, 1994; Parent and Cambell, 1994).
Although the fluoro complex is toxic, it is less so than the aluminium hydroxy complexes
(Helliwell et al, 1983).''' In these cases aquatic organism usually refer to higher forms of life; 
relatively little has been published on the bioavailability and toxicity of Al to aquatic 
microorganisms.
Table 3.4. Mechanisms o f  Al toxicity in microorganisms (Garciduenas Pina and Cervantes, 1996).
______________ Mechanism________________________________ Affected process__________________
Acidification o f  the medium Ion homeostasis, micromolecule structure/function
Binding to membrane components Membrane transport
Binding to enzymes o f  substrates Enzymatic process
Substitution for magnesium Metabolic processes
Inhibition o f  ion transport Ion homeostasis
DNA binding DNA replication/transcription
ATP binding Energy-requiring processes
Inhibition o f  ATP synthesis Metabolic processes
The low solubility of Al under near-neutral and anaerobic conditions available to primitive biota 
some 4 billion years ago precluded the evolution of Al-requiring metabolic pathways, as 
suggested by Wood (1984; 1985). Hence, the possible response on aquatic organisms due to 
fluxes of Al into acidic habitats could be of toxicity rather than deficiency. Table 3.4 summarises 
the possible mechanisms of Al toxicity on microorganisms. Nevertheless, some organisms can 
assimilate limited quantities of Al (Foy, 1974 -  cited by Driscoll and Schecher, 1988). Potential 
strategies for bacterial resistance to Al are presented in Table 3.5.
Table 3.5. Potential mechanisms o f  bacterial resistance to Al (Garciduenas Pina and Cervantes, 1996).
_______________ Mechanism______________________________________ Effectors_______________________
Extracellular chelation Organic acids, proteins, lipids
Cell wall binding Lipopolysacchaiides, peptidoglycan
Membrane binding Phospholipids, proteins
Intracellular' chelation Proteins, organic acids
Al extrusion ATPases, membrane potential
Chemical transformation Reductases, methylases
Garciduenas Pina and Ceivantes (1996) reviewed microbial interactions with Al with regards to 
bacteria and fungi; no data was presented with regards to protozoa. The reviewed studies showed
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that responses depended on Al exposure concentrations and on the presence or absence of certain 
substances that facilitated its uptake. A further survey of the literature revealed other studies 
evaluating the impact of Al on aquatic microorganisms (Table 3.6). No data have been reported 
regarding effects in the field of Al on microorganisms (WHO, 1997). This is perhaps due to the 
practical difficulties in conducting such an investigation and also to the large number of 
reactions between the organisms and the complexity of ecosystems (Panasenkov, 1987).
Table 3.6. The reported effects o f  aluminium on aquatic microorganisms (excluding algae-specific investigations). 
Microorganism, Al dose Al fraction Effect measured Comments
group or source measured
Source
Sewage (not 
specified)
Reservoir water 
(saprophytes and 
others)
18 mg/L as alum*. ND.
0,1 to 100 mg/L as 
alum*.
ND.
Pholobacterium
phosphoreum
(Microtox®
assay)
0.1 to 1 mg/L as 
Al.
T:M
Photobacterium
phosphoreum
(Microtox®
assay)
Photobacterium
phosphoreum
(Microtox®
assay)
3.31 and 5.57 mg/L 
as Al from AICI3
ND.
< 0,04 to 6.45 mg/L 
as Al from 
filtered alum 
sludge extracts.
DT; M; I; 
and O.
Concentration required to affect 
BOD values by 50 % over 24 
hrs.
(a) Heterotrophic fixation of 
'‘’CO2 and (b) number of 
saprophytes over 24 hrs.
Al effect on light output of the 
luminescent bacterium at pH 
5.5 with and without tlie 
addition of citrates, fluoride, 
and fblvic acid.
Al dose causing a 50 % 
decrease in light output 
(BCjo) after 15 min (pH not 
specified) in osmotically 
adjusted solutions.
Extract concentration causing a 
50 % decrease in light output 
(EC50) after 15 min at three 
pHs (10, ambient, and 
ambient +1).
• An alum dose of 18 mg/L Sheets 
caused the BOD reduction (1957) 
of sewage to drop by 50 %.
• Doses of 0.1 and 1.0 mg/L Panasenkov
had no effect, in fact (1987)
stimulated photosynthesis;
• At 10 mg/L the two 
measured parameters were 
reduced by (a) 50 and (b)
60 %;
• Threshold Al concentration 
was between 1,0 to 10 
mg/L.
• Citrate additions from 0 to Dobbs et
0.001 M indicated that the al. (1989)
Al-citrate complex was
non-toxic to at least 25 
mg/L as Al;
• In the absence of citrates 
the Al dose causing a 50 % 
decrease in light output.
(EC50) was of 0.3 mg/L;
• Decreased toxic response 
with increasing fluoride 
and fulvic acid 
concentrations;
• Increased monomeric Al 
concentrations at 
decreasing complexing 
additive levels;
• In a highly coloured upland 
source, no effect was 
observed until 0.5 mg/L 
and the EC50 = 2.1 mg/L.
• 15 min EC50 value for Hoke c/a/,
solution osmotically (1992)
adjusted with 20.4 %
sucrose was 3.31 mg/L;
• 15 min EC50 value for 
solution osmotically 
adjusted with 22 % NaCl 
was 5.57 mg/L.
• Three sludge extract that George et
produced an EC50 had a DT cr/. (1995)
(a) 0.25 and (b) 0.37 mg/L
as Al (pH = 5) and (c) 10.2 
mg/L as Al (pH = 9);
• Majority of sludge extracts 
tested at different 
concentrations and pH 
values showed no toxicity;
• Extract Al existed mainly 
as organically-bound 
monomeric Al;
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Microorganism,
group or source
Al dose Al fraction
measured
Effect measured Comments Source
Tefrahymem
pyriformis
< 0.04 to 12.26 
mg/L as Al from 
filtered alum 
sludge extracts.
DT; M; 1; 
and O.
Percent mortality at three pHs 
(5.0, ambient, and ambient + 
1) over 24 and 48 hrs.
Escherichia coli Up to 60.75 mg/L 
as Al from 
A 1(N0 3 )3.
ND. Inhibition of growth rate at 
different pHs, with and 
without Fe.
Aspidisca cicada 
and VorticeUa 
convallaria from 
activated sludge
Raw milk-based 
synthetic 
wastewater
Tetrahymeua
pyriformis
0.5.1.0, and 2.0 
mg/L of 
aluminium 
potassium sulfate
0.1 to 100 mg/L of 
Al, form not 
stated.
“4 to 6 gradual 
concentrations” 
of dissolved 
AICI3,
Alz(S04)3 and 
A1(N03)3 and 
insoluble AI2O3
ND.
ND.
ND.
Extent of elemental disruption 
of A. cicada and V. 
convallaria after exposure to 
free metal ion (2 h exposure).
Change in BOD5 (inhibition or 
increase) in % relative to 
control.
Growth rate (doubling time) 
and motility “Inhibitory 
Concentration 50 %” values 
(IC50) at pH 6.5 with and 
without chelators (EDTA and 
humic and citric acids) after a 
9-hr exposure.
Inorganically-bound 
monomeric Al levels for 
each site’s extract that 
produced an ECjo were: (a)
0.09, (b)0.09, and (c) 0.0 
mg/L.
Growth (cell division) George et
occurred in two cases at pH o/. (1995)
values > 8. Possibly due to 
nutrients from extracts;
No decreases in cell 
numbers were observed;
No sludge extracts 
produced a significant 
response at either time;
Extract Al existed mainly 
as organically-bound 
monomeric Al.
Growth inhibition was Guida et al.
typically higher at pH 5.4 (1995)
compared to 6.8;
Lowest reported dose 
producing an effect was 
24.3 mg/L;
Succinate pH buffer was 
protective;
Lack of Fe in culture 
media increased toxic 
effect.
Linear decrease in A. Abraham et
cicada survival up to 1.0 al. (1997)
mg/L. Increase to 2.0 mg/L 
gave no further mortalities;
Between 50 and 60 % 
survival of V. convallaria 
for 0.5 and 1.0 mg/L dose.
About 30 % at 2.0 mg/L.
Increase in BOD3 up to Mittal and
17.1 % for Al doses until Ratra
1.0 mg/L, decreasing (2000)
thereafter to 90.8 % (100 
mg/L dose);
Observed increases in 
BOD5 could be due 
oxidation of Al.
IC50 values (mg/L as Al) Sauvant et
without the presence of al. (2000)
chelators were of 15 for 
AICI3, 10forAl2(SO4)3,14 
for Al2(N03)3, and 495 for 
AI2O3 (insoluble salt). A 
decrease in motility was 
also observed;
All Al salts when 
administered with humate 
chelates floes fomied and 
were ingested inducing an 
increased toxicity (IC50 not 
specified).
Citrate and EDTA chelates 
with Al salts did not 
significantly alter 
(decreasing at times) 
toxicity with tlie exception 
of the Al oxide.
69
Microorganism,
group or source
Al dose Al fraction
measured
Effect measured Comments Source
Sewage from 
activated sludge.
0.0 (control), 3,5, 
10, and 12.4 
mg/L as Al.
ND. Al effect on turbidity, COD, 
NH], P, and 0% uptake rate in 
an activated sludge process.
Active biomass 
added to alum- 
dosed primary 
settled sewage
Total Al residuals 
of settled 
sewage: 1.01 to 
1.98 mg/L
ND. Microbial activity by bacterial 
oxygen uptake rate by 
respirometry.
“Microcosms” 
containing 
combinations of 
protozoa, 
bacteria, algae, 
and rotifers. 
Combinations of 
3(S-3),4(S-4), 
and 8 (S-8) 
species.
0.0 to 10.0 mg/L as 
Al from 
AICI36H2O.
ND. Concentration required to cause 
the oxygen production 
respiration ratios (P/R) to 
differ by + 10 % from the 
control.
Large “monster” cells were 
observed under microscopy 
and Al detected in food 
vacuoles indicating that 
active feeding habits 
(phagocytosis) are 
important when 
considering toxicity to 
protists.
No significant difference in Lees et al. 
turbidity reduction in (2001a)
comparison with control;
No significant difference in 
COD removal in 
comparison witli control;
Inhibition of nitrification 
process with increasing 
doses. Reductions in N H 3 
removal efficiencies in 
comparison with control;
Increased P removal 
compared to control;
Reduction in oxygen 
uptake rate in comparison 
with control;
Al caused a decrease in 
active biomass and change 
in species abundance. No 
evidence of direct Al 
poisoning.
In comparison to control Lees et al. 
COD removal was reduced (2001b) 
and increased at times.
Hence an overall 
indeterminate effect;
Alum had an inhibitory 
effect as far as oxygen 
uptake;
' Difficult to correlate with 
residuals as only total Al 
was measured;
' Control and alum-treated 
sewage had different 
characteristics. Basis for 
comparison difficult to 
appreciate.
' When dosed from the start, Sugiura 
Al doses of 0.1,0.5 and 0.3 (2001)
mg/L affected the systems 
with 3,4, and 8 species, 
respectively. Some species 
were eliminated from S-4 
and S-8 at doses > 2 mg/L;
' When dosed at a mature 
stage of culture (after 14 d)
0.1,0.5 and 0.3 mg/L 
affected tlie systems with 3,
4, and 8 species, 
respectively. Some species 
were eliminated from S-4 
and S-8 at doses > 1 and 
mg/L, respectively;
• No significant difference in 
the concentrations affecting 
the system when Al dosed 
at the initial or mature 
stage of culture (14 d).
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Microorganism, 
group or source
Al dose Al fraction 
measured
Effect measured Comments Source
Microbial biofilm 
ill seawater 
medium
including sulfate- 
reducing bacteria 
(SRB)
27 mg/L as Al, 
fonn not stated
ND Toxic effect on biofilm sulfate 
reduction, extracellular 
polymeric substance (EPS) 
formation, and growth.
• Al-dosed sample achieved 
a 77 % of sulfate reduction 
in comparison to 85 % 
from control after 9 days;
• Al redueed SRB activity, 
did not inhibit biofilm growth, rather stimulated 
EPS formation and changed 
its stnicture
Fang et al. 
(2002)
* alum = aluminium sulfate (Ali(S04)3 XHzO degree of hydration “X” not specified); ND = not determined; T = total Al; TD = total dissolved 
Al; M = monomeric Al; I = inorganically-bound monomeric Al; O = organically-bound monomeric Al.
The literatiu'e survey revealed a variety of methods used to measure biological effects in 
response to Al (Table 3.6). The impact of Al was measured on individual bacteria or protozoa or 
groups of microorganisms (selectively cultured or collected from varied sources). Effect on 
individual microorganisms was typically assessed by luminescence, mortality or growth rates. 
Microbial groups were evaluated with regards to biological processes involving nutiient uptake 
and oxygen consumption or production. Al was also used in several of its forms on its own or in 
combination with chelators to assess bioavailability.
Due to the chemical properties of Al (see 3.2 Aluminium (and alum) chemistry), most of the 
reviewed studies presented shortcomings in relation to experimental design. These limitations 
reflect the inherent difficulties in the study of the toxicology and bioavailability of Al. Due to the 
deprotonation that occurs during the hydrolysis of Al, a depression of the pH can be expected if 
sufficient buffering is not available. Some studies (Panasenkov, 1987; Mittal and Ratra, 2000; 
Sugiura, 2001) utilised considerably high Al doses and did not report pH compensation in their 
methodology. Hence, the measured effects could be due to the pH depression (possibly to very 
acidic conditions), the dosed metal itself or a combination of the two factors.
The high reactivity of Al results in the probable binding of dosed Al with substances in the 
media or suspension containing the individual or group of microorganisms; thereby, altering its 
chemical spéciation and bioavailability. With the exception of those studies in which chelators 
were deliberately added to bind with the dosed Al to study its bioavailability (Dobbs et al., 1989; 
Sauvant et al., 2000), many other studies simply ignored the concept of bioavailability.
From the water and wastewater treatment perspective, the attempted simulation of Al residuals 
was also one of the experimental limitations encountered in tlie studies reviewed {e.g. Lees et al., 
2001a and 2001b). That is, the chemistry and Al residual spéciation of a chemically-assisted 
settled solution (A) is different to that of a (natur ally) settled solution (B) dosed with alum in a 
concentration equivalent to the total Al residual of solution A. Similarly, it is difficult to
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establish a control in experiments utilising biological treatment processes. For example, a 
chemically-assisted pre-settled primary effluent is different to that of a naturally-settled primary 
effluent. As such, the latter would have a higher nutrient content and present a higher removal 
efficiency in the subsequent biological process; thus making it difficult to attribute the lower 
efficiency of Al-dosed effluent to the toxic effect of the metal residual on its own.
Bearing in mind such research limitations, a basis on which to assess Al toxicity and 
bioavailability to microorganisms is still possible. In general, the reviewed studies showed that 
the Al toxicity and bioavailability was dependent on dose, exposure time, Al spéciation, water 
chemistry, monitored organisms (or group), and the measured effects.
Sugiura (2001) measured changes in the material 
cycles and interference with the balance between 
consumption and production of O2 with different 
combinations of microbes; the effects of Al were 
not necessarily related to species diversity. 
Furthermore, some groups of microbes can 
produce extracellular' polymeric substances 
(EPS) which may provide the biofilm with a 
protective shield against adverse conditions by 
retarding or preventing exposure to toxicants 
(Fang et al., 2002). In the case of bacterial 
survival, Garciduenas Pina and Cervantes (1996) 
showed that Al toxicity can be microorganism- 
specific (Figure 3.4), where different bacterial isolates (not specified) showed varied tolerances 
to increasing Al levels.
Ill the reviewed studies, toxic effects of Al were observed in concentrations starting at 0.1 mg/L 
(Sugiura, 2001). Conversely, tolerance of Al doses of up to 25 mg/L were also reported (Dobbs 
et al., 1989). As the effects were gauged differently in each study, a quantitative inter-study 
comparison is not possible. To begin with, such a comparison would perhaps require an analysis 
of the aqueous suspension chemistry before and after the addition of Al as well as the microbial 
population densities. Nevertheless, some studies yielded useful findings with regards to 
microbial Al bioavailability.
100 w O w
b  4 0
2  4 6
Ai (mM)
Figure 3.4. Susceptibility to Al by different bacterial 
isolates (not specified) in terms o f  survival 
percentage in comparison to controls without Al (100 
% survival) (Garciduenas Pina and Cei-vantes. 1996).
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Chelating additives {le. flouride, citrates, EDTA, and humic and fulvic acids) in general reduced 
the toxic effect of Al by reducing the bioavailability of the dissolved Al complex (Dobbs et al, 
1989; Sauvant et al., 2000). George et al, (1995) did not use chelating additives, but an Al 
fractionation analysis revealed that the dosed extract consisted mainly of organically-bound 
monomeric Al; no effect was measured in the majority of the surveyed sites. Dobbs et al. (1989) 
and George et al. (1995) utilised a commercially available toxicological assay based on a 
luminescent marine bacterimn; this assay may be of limited value if a particular ecology of 
microorganisms is of interest. However, in contrast to those two studies. Sauvant et al. (2000) 
found that the chelation of Al to organics (humic acid) produced an increased toxicity to the 
protozoa examined. This was due to the formation of an Al-humic floe which was readily 
available for phagocytosis by the studied ciliate.
It has been hypothesised that, due to its toxicity, the use of aluminium sulfate to pre-treat water 
for slow sand filters should be discomaged; Al may deplete the functional microorganisms 
responsible for pm'ification in the sand bed (Lloyd, 1974). Only one other study has 
acknowledged the potential for a toxic impact of Al on a slow sand filter (Carvalho et al., 2001). 
Yet, the employed methodology was not adequately described. Furthermore, it was considered 
that the 0.2 mg/L Al drinking water standard (which is not even health-related!) was sufficient to 
guarantee biological treatment. Such a pragmatic approach should at least consider the use of an 
environmental emission standaid (see 3.6 Legislation). The impact of Al on slow sand filtration 
is likely to be dependent on the several aforementioned factors that influence Al bioavailability 
and toxicity.
Bearing in mind the nature of the present study, both dissolved and particulate fr actions of the Al 
residual must be taken into account, given the diverse feeding mechanisms of a slow sand filter’s 
microbial ecology. The fractionation of Al residuals from the alum-dosed pre-filtration stage will 
provide information relative to the potential bioavailability and possible impact on the slow sand 
filter’s biological activity. Although lower Al residuals (particulate and dissolved) are ideal, 
these need to be assessed in relation to the main pre-treatment objective, le. turbidity reduction.
3.5.2 Aluminium in drinking water
Concerns over the health effects using of aluminium sulfate in water treatment are not as recent 
as one may think, given the ongoing debate on the association between Al in drinking water and 
Alzheimer’s Disease (AD). According to Baker (1948), one of the reasons that the use of alum in 
public water supplies did not come sooner was due to the "... influence o f ill-informed or
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prejudiced persons whose word was respected." As notable examples, Baker (1948) cites Arago 
of France in 1837, the Massachusetts State Board of Health half a century later, and also medical 
men who protested frantically against coagulation and rapid filtration in the late 19**' and early 
20**' centuries.
There is no doubt that this metal is a neurotoxicant (Reiber et al., 1995, Yokel and McNamara, 
2001) and that it can be toxic to many other organisms. Large doses of Al (mainly through 
iatrogenic exposure) can cause acute Al intoxication and are rarely fatal (Nakamura et al., 2000 -  
cited by Nayak, 2002). Subjects with an impaired or no renal function {i.e. renal dialysis 
patients) can suffer from Al-induced encephalopathy, leading to dementia; such cases have 
greatly decreased over the last two decades (Yokel and McNamara, 2001; Nayak, 2002 and 
sources therein). However, the link between drinking water Al and AD remains umesolved and 
much disputed in the literature.
Al intake
•  About 20 mg/d consumed in 
food
• Less than 0.2 mg/d (1%) 
consumed in drinking water
Duodenum Conditions
• 10 min residence time
• Rapid neutralisation of acid 
stomach chyme
Small and Large Intestines
• pH = 7.3
• 12 h residence time
• Minimal Al solubility
• Limited Al absorption
Blood Al Concentration
,  • Largely independent 
of Al consumption
stomach Mucosa 
Impermeable to 
dissolved Al
Stomach Conditions
• 1-4 h residence time
• pH <2
• Constant mixing
• Gastric juice addition (7 1/d)
• Solubilisation of most Al forms
• Free Al concentration = lO"* M
Al Excretion
• > 99.9 % of ingested Al is excreted in 
the stool as an insoluble hydroxide
• < 0  .1 % of ingested Al is excreted in the 
urine
Figure 3.5. Solubility model for Al through the gastrointestinal tract (Reiber et a i ,  1995).
Due to the chemistry of the gastrointestinal tract it has been shown that most (99.9 %) of the 
ingested Al, from drinking water and other sources, will be excreted in the stool (Reiber et al., 
1995). That is, the acidic conditions (pH 1.5 to 2.0) of the stomach should solubilise and convert 
all Al into its monomeric form {i.e. Al^’*' according to Figure 3.1). On leaving the stomach the pH 
is raised through the duodenum to about 6.2 and by the time it reaches the small intestine the pH 
is further increased to 7.3. It should be borne in mind that the near-neutral range is the minimum 
solubility of Al (Figure 3.1). Hence, most of the previously solubilised Al in the stomach is 
likely to be converted into a Al hydroxide precipitate that will not be absorbed by the intestine
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walls. Figure 3.5 illustrates this solubility model for Al-processing in the gut (Reiber et al., 
1995). Yokel and McNamara (2001) suggested that the hypothesised model of Reiber et al. 
(1995) is oversimplified, as it does not take into account citiates and other ligands that can 
influence Al absorption. Nonetheless, they suggest that oral bioavailability of Al is most likely to 
be around 0.3 % of the total Al in drinking water.
When assessing the hazard of Al in water, Berube and Brule (1999) overlooked the change in pH 
that occurs in the intestine where any absorption occurs. They stated that acid soluble particulate 
Al is potentially as hazardous as labile Al when routes of exposure involve acidic conditions (as 
in the stomach). Drinking water Al toxicity depends firstly on its (oral) hioavailability. Gardner 
and Gurm (1995), Stauber et al. (1999), and Yokel et al. (2001) amongst others have shown that 
oral hioavailability of drinking water Al is low. Yokel and McNamara (2001) reviewed Al 
toxicokinetics and confirmed the low oral hioavailability of Al from drinking water, assessed 
experimentally in both animals and humans under varied conditions. Furthermore, considering 
the major somce of ingested Al comes from food (50 to 100 times more than from drinking 
water) and that its hioavailability is about 0.1 %, then food, not water, is the major source of 
absorbed Al.
Flaten (2001) reviewed epidemiological studies regarding the relationship between Al in 
drinking water and AD, dementia, or cognitive impairment. Nine of the 13 studies showed a 
statistically significant positive correlation. Despite poor Al absoiption in the gastrointestinal 
tract, Flaten (2001) contended without evidence, that there is a possibility that some Al fractions 
present in drinking water may be particularly bioavailable, even more than fr om other sources of 
exposuie (e.g. food and medications). Flaten (2001) also recognised the difficulties in the design 
and collection of reliable data in the reviewed studies. McLachlan (1995 -  cited by Flaten, 2001) 
stated that “Al is probably not a root cause o f AD but rather a cofactor in the molecular events 
driving the progression o f the disease." This point of view is also shared by Gupta et al. (2005).
Only one epidemiological study considered Al spéciation and found a possible presence of an 
association between organically-bomid monomeric Al and AD development (Gauthier et al., 
2000); opposing the views that ingested inorganic Al is more bioavailable (Srinivasan et al., 
1999) or that its hioavailability from drinking water is independent of its foim (Reiber et al., 
1995). Of the 54 water supplies sui*veyed, only 4 were of surface waters treated with aluminium 
sulfate (Gauthier et al., 2000). Moreover, the fractionation and analyses of Al samples were 
conducted up to 48 hoiu’s after collection. This may not have significantly changed the Al
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spéciation in the untreated natural supplies (Dixon and Gardner, 1998). However, Gardner and 
Comber (2003) showed that spiked reactive (total monomeric) Al can change abruptly within 
hour s; tliis may have implications on some of the findings of Gauthier et ah (2000). Nonetheless, 
that study implies that if, in fact, drinking water Al is an etiological agent of AD, more attention 
should be paid to bottled mineral water; a product that is considered to be chemically safe, 
paiiiculaiiy by the layman.
The studies reviewed here only considered chronic exposure to drinking water Al. Significant 
acute effects of drinking water Al have been obser-ved at extreme concentrations, as high as 
620000 mg/L (Lancet, 1988), in the accidental circmnstances (Altmann et al., 1999) which 
occurred in Camelford (UK) in 1988. At 100 mg/L Al is considered to be unpalatable (WHO,
1997); yet apparently residents of that community consumed the Al contaminated water with 
orange or lemon juice to disguise the taste (Lancet, 1988). The citric acid content of the mixture 
may have enlianced the Al absorption. In any case, the incident at Camelford was a fieak 
accident in which liquid alum was unloaded into the finished water resei*voir and made its way to 
the distribution system. The unfortunate accident could have been with sodium hydroxide, 
sulfuric acid, petrol, or any other chemical routinely delivered to water treatment works. A cup 
of concentrated sodium hypochlorite surely would cause severe burns; nonetheless, its use in 
water treatment is considered to be essential, as is aluminium sulfate.
To date no real association between drinking water Al and AD has been established. 
Epidemiological studies have yielded inconclusive and/or contradictory results. Such disparities 
have been thoughtfully summarised by Berthon (2002), who stated, “the gap is increasing 
between the large body o f observations made by physiologists and toxicologists and the few data 
painfully obtained by coordination chemists to interpret the relevant phenomena." The 
possibility of an association has not been dismissed and further research is warranted (WHO, 
1998; Flaten, 2001). Hence, the Al level in WHO drinking water level guidelines (200 pg/L) are 
not set as a public health measure, rather as an aesthetic consideration related to the increased 
turbidity that it can cause (WHO, 1998).
Unfortunately, perhaps unawareness of the relevant literature has possibly led many researchers 
to assume as proven the association of drinking water Al and AD. For example, Freitas et al. 
(2001), based on unsustained assumptions, concluded that residents of two poor neighbourhoods 
of Rio de Janeiro (Brazil) were at risk of AD from drinking water Al. Ironically, the community 
studied is notorious for violence and residents are at risk of death from another metallic source:
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lead projectiles! An extreme case of such ignorance has been pointed out by Dorea (2005a), 
identifying a study (Niquette et a l, 2004) that skewed and eiToneously cited the WHO’s Al 
drinking water guideline (WHO, 1998). Substitution of aluminium sulfate for alternative 
coagulants such as those extracted from Moringa seeds has also been justified in several studies 
based on health grounds (Dorea, 2005b).
Reduction of Al residuals in alum-based water treatment processes is nevertheless very 
important. High residual concentrations are indicative of inefficient water treatment, can give 
rise to consiuner complaints as well as problems in the distribution system, and go against the 
whole principle of water treatment {i.e. removal of undesireable matter). It is important to 
emphasize that the justification of many investigations is still based on a precautionar y approach 
to possible health risks. It is appropriate to record that an umeasonably large apprehension over 
the possible creation of potentially harmful chlorination by-products contributed to one of the 
largest reported cholera epidemics in modern history (Salazar-Lindo et al., 1993). Generating so­
lar imwarranted fear over possible AD risks associated with aluminum-based coagulants could 
have an impact on decisions made by less-informed professionals. Much of this is perhaps 
caused by a pragmatic consideration of the possible as opposed to the rigorous consideration of 
the probable (Reiber et al., 1995). The outcome will definitely not have the scale of a cholera 
epidemic, but can affect the operations of treatment plants that do not have the capacity to switch 
coagulants {e.g. in developing countries).
3.6 Legislation
Legislation regarding Al in water differs in relation to its presence in natural waters and in 
drinking water. From an enviromnental perspective, the emissions of Al into receiving waters are 
regulated based on the proven Al ecotoxicity of the metal to aquatic life; depending on its form 
and concentiation. In drinking water, the directives are mainly set with a precautionary approach 
due to the uncertainty of the healtli risks associated with Al. However, as Yokel and McNamara 
(2001) point out, the Al hioavailability and neuiotoxicity has already been recognised by the US 
EPA. The California EPA (2001) has issued a Public Health Goal of Al in drinking water of 0.6 
mg/L, which is higher tlian the aesthetically-based guideline the of WHO (1998) of 0.2 mg/L. 
Regulatory standards of different North American bodies vary from 0.05 to 1.43 mg/L 
(California EPA, 2001). Al drinking water legislation in general only consider the total Al 
residual and do not differentiate between the particulate and dissolved fractions. It is apparent 
that the effects on aquatic life of different Al species are better understood than the possible
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effects on humans. However, Al emissions into the enviromnent are less regulated and much of it 
is still undertaken as total or dissolved values (Gardner and Comber, 2003). Interestingly, some 
guideline values are more stringent than those for di'inking water, e.g. 0.055 mg/L total Al for pH 
> 6.5 (ANZECC, 2000) and proposed Enviroimiental Quality Standard of 0.025 mg/L of reactive 
dissolved Al for pH > 6.5 (Gardner and Comber, 2003).
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4 PROJECT RATIONALE, HYPOTHESIS, AND OBJECTIVES AND AIMS
4.1 Project rationale
• Slow sand filtration is capable of achieving considerable removal efficiencies in terms of 
various parameters due to the smaller media grain size and lower filtration rates (in 
comparison to rapid filtration) and to the biological treatment offered by this process (2.1.3 
Biological purification mechanisms). The reported removal efficiencies for several micro­
organisms of health risk to humans clearly illustiate this {i.e. 1 to 3 log removal for enteric 
bacteria, 2 to 4 log removal for enteric viruses, 2 to 4 log removal for Giardia cysts, and 
more than 3 log removal for Cryptosporidium oocysts). Alongside these removal efficiencies 
slow sand filters can also uniquely provide significant improvements in physical and 
chemical water quality parameters in a single imit process (2.1.5 Slow sand filtration 
efficiencies and limitations). Considering its relative ease to maintain and operate it 
becomes apparent the reason for its attractiveness as a drinking water treatment process.
• Slow sand filters are vulnerable to high solids loadings and 10 NTU has been accepted as a 
reasonable tuibidity value limiting the application of such filtration technology (2.1.5 Slow 
sand filtration efficiencies and limitations). To overcome such shortcoming, appropriate 
combinations of giave pre-filtration stage can be combined with slow sand filters in what is 
known as a multi-stage filtration (MSP) system.
• Up-flow gravel filters in series have a particular set of characteristics that provide (at least) a 
slight advantage over other pre-treatment options (see 2.2.5Pre-filter types). In a parallel a 
comparison of different gravel pre-filtration alternatives, up-flow giavel filters in series had 
the advantage in cleaning efficiency and performance in terms of equivalent giavel bed 
volume. Moreover, raised floors can be adapted to this mode of filtration to further improve 
the cleaning process, which is of critical importance for the successful application of the 
MSF technology.
Poor performance of pre-filters is not frequently reported (2.2.6 Reported limitations of 
gravel filtration). However, a possible reason for the underperformance was attributed to 
raw waters with high turbidities or significant fractions of colloidal particles. Filtration 
theory applied to gravel filters, based on impaction probability calculations suggests that 
colloidal particles {i.e. < 1 pm) would be less efficiently removed than other particles (2.2.3 
Filtration theory applied to gravel filters).
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• One possibility to overcome water quality constraints could be tlii'ough the use of coagulants 
to destabilise and reduce colloidal suspensions in the pre-treatment stage (2.3 Chemically- 
enhanced gravel (contact) filtration). This could potentially be the (temporary) solution to 
failing systems {i.e. poorly designed or subject to seasonal raw water quality problems). 
Some research has already been conducted on the application of coagulants prior to gravel 
pre-filtration, i.e. direct or contact (gravel) filtration, as a pre-treatment alternative for SSF. 
Such studies mainly reported results emphasising on the pre-treatment efficiencies. The pre- 
treatmenf s effectiveness, i.e. impact on the SSF run, has not been properly addressed.
The literatuie on the use of conventional jar-tests for dose selection in chemically-enhanced 
gravel filter studies indicates that it may be misleading towards the identification of optimal 
dose (2.3.5 Process control/maintenance). As SSF literatuie indicates an influent tmbidity 
target of 10 NTU, this could be used as a target turbidity for the chemically-enlianced pre­
treatment stage. That is, turbidities of less than 10 NTU could be considered acceptable for a 
chemically-enhanced pre-treatment effluent, although optimal chemically-enlianced pre­
treatment performance may be well below that target value (2.3.3 Process performance).
Aluminium is a toxic metal to many aquatic organisms in certain concentrations (3.5 
Toxicity and bioavailability). Spéciation of Al plays an important role in the toxicity and 
hioavailability of this metal. The effect of residual amounts of the applied alum on the 
biological treatment that is offered by the downstream slow sand filtration process is not 
known.
A toxic effects of Al on SSF have been previously hypothesised, but not verified adequately 
(2.3.6 Coagulant residuals). However, which aluminium species and concentrations are 
necessary to cause a toxic impact on the micro- and macro-organisms that make up the 
functional ecology of slow sand filters is not reported or tested in the literature (3.5.1 Effects 
on microorganisms).
80
4.2 Hypothesis
The chemical enhancement of gravel pre-filtration with aluminium sulfate is a simple 
inteivention that can widen the range of waters to be treated by slow sand filtration provided it 
reduces solids loadings efficiently and effectively whilst maintaining the SSF biological 
treatment.
4.3 Objectives and aims
The main objectives of this project were to assess the efficiency as well as the effectiveness of 
chemically-enhanced up-flow gravel filters in series (UGFS) as a pre-treatment for slow sand 
filters. Slow sand filtration column trials were also conducted with the objective of assessing the 
impact of aluminium on the treatment performance and potential effects on the biological 
processes. Specific aims were to:
• Evaluate in an extensive literature review and experimental programme the removal 
mechanisms in a chemically-enlianced MSF system;
• Evaluate a modified jar-test for coagulant dose determination and the effects coagulant 
dose with regards to turbidity and aluminium residual under different particulate loading 
conditions;
• Monitor aluminium residuals through a pre-treatment system and assess their impact on 
slow sand filter performance;
Apply an aluminium spéciation technique to assess potential bioavailability of A1 to the 
ecology of the slow sand filter;
Evaluate of a simplified particle sizing teclinique with potential for application in field 
and developing-country conditions;
Assess the impact of A1 residuals on biological treatment based on dissolved oxygen 
measurements.
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5 PRELIMINARY EXPERIMENTAL WORK
5.1 Objectives
The objectives of the experimental work conducted at the University of Surrey (UniS) were: (a) 
to make an initial assessment of the chemically-enhanced gravel filtration process in relation to 
particulate removal; (b) to serve as a design basis for the scale-up of the principal experimental 
system; (c) to estimate the hydraulic gradient through the gravel bed based on flow hydraulics 
equations of porous media (see 2.3.4 Processes mechanisms).
5.2 Materials and methods
5.2.1 Experimental Setup
The filter column (Plates 5.1a 
and 5.1b) was made of 110 
mm PVC pipe (104 mm, 
internal diameter). The pipe 
was mounted on a 110 mm 
threaded access pipe base. A 
circular steel grid attached to 
the bottom of the column 
supported the gravel. Filter 
bed depth was of 0.6 m. The 
filter column was 800 mm 
long and allowed for a 100
Plates 5.1(a and b). 110 mm filter column (a - left) and detail o f  filter base (b - 
right) used for preliminary trials (arrows pointing to piezometric taps).
mm supernatant. The threaded access was used to drain the column between runs.
The gravel utilised in the column was nominal size 20 mm BS-graded gravel (British Standards 
Institution, 1992) and was thoroughly washed with tap water prior to use. This grading was 
chosen to best represent the typical gradings of the first stage of an up-flow gravel pre-filter in 
series unit. Porosity of the gravel was calculated by dividing the volume of the voids in a 1.0 L 
beaker by the volume of the container. Volume of the voids was determined by measuring the 
amount of water necessary to fill the beaker to the 1.0 L mark after the gravel was placed and 
shaken in the beaker in order to assist in the packing of the gravel. This procedure was repeated 
with 4 gravel samples. The average porosity value was 0.386.
8 2
The media size to column diameter ratio should be less than 1:10 to minimise side wall effects 
(Dudgeon, 1967). However, as the lab filter was to represent first stage of an up-flow giavel pre- 
fllter in series unit, a media size of 20 mm was chosen. This would mean that tlie column 
diameter should have been of at least 200 mm in order to respect the 1:10 media size to column 
diameter ration. However, there was a practical constramt of adopting a larger column diameter. 
That is, as water for the experimental system was manually transported in jerry cans from the 
source water to the UniS lab (200 L/day) doubling the diameter of the column would 
significantly increase the amount of water to be transported by almost a factor of 4, which would 
be impracticable to carry manually. Limitations of the adopted column diameter were 
acknowledged.
Constant head tank
Peristaltic pump
Filter columnAlum stock 
solution Piezometric
board
Mixer To drain
Raw water 
tank Î
Submersible 
pond pump
Figure 5.1. Schematical diagram o f  preliminary experimental set-up.
Water fiom Terry’s Pond at the UniS campus was used as source water for the preliminary 
evaluation of chemically-enhanced gravel filtration (Figure 5.1). This pond is fed by a spring and 
is also used for tire UniS boiler cooling system. A 200 L raw water tank was filled usually twice 
a day with pond water. After the first run, the contents of this tank were mixed with a Janke & 
Kunkel RW 20 DZM mixer (IKA®, Labortechnik) set at 100 rpm to keep particulates in 
suspension. An electric submersible pond pump elevated the raw water to a 10 L constant head 
tank operating on an overflow. Water was fed to the column tlrrough a silicone tube from the 
constant head tank at atmospheric pressure through a funnel of adjustable height. The alum 
solution was also dosed into this ftmnel.
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The alum (Oxfam, UK) was dosed with a peristaltic pump (504U, Watson Marlow) into the 
funnel receiving the raw water feed (see Appendix A). The constant flow of coagulant drops was 
directed towards the raw water discharge in order to ensure hydraulic mixing both at the 
collection point and throughout the 1.5 m long 8 mm silicon tube leading to the filter inlet at the 
bottom of the column. The Oxfam alum utilised did not have a specified degree of hydration. 
Typically aluminium sulphate in its molecular form Al2(SÜ4)3-nH20, has n between 14 and 18. 
Wliere n is the degr ee of hydration of the aluminium sulphate. Hence, when using Oxfam alum, 
dosages have been expressed in terms of mg/L as alum and not as mg/L as Al^ .^
Headloss readings were taken from piezometric (silicon) tubes. The first tube was connected to 
the inlet hose ( H i ) .  The following 7 were attached to the column starting at the raised floor by 
plastic hose connectors at internals of 100 mm ( H b ,  Hi, % , ..., %).
5.2.2 Operational conditions and system calibration
Flow rates were determined by measuring how long it took to fill a selected volume in a 
graduated cylinder. The control was achieved by means of a clamp on the 4 mm silicon tube on 
the outlet of the constant head tank. As flow rates irrcreased the volumes chosen to verify the 
flow were incremented accordingly. It was found that timing results were inconsistent when a 
period of less than 20 seconds was taken to measure a particular flow. Filtration rates were 
calculated by dividing the flow rate by the cross-sectional area of the filter (0.0085 m^). During 
the clean bed headloss measmement runs, completed using tap water, the filtration rates varied 
fi'om 0.2 to 7.0 m^Wh. In filtration rims using lalce water the loading rate was set at 1.0 m^/m^h; 
this filtration rate was within recommended design guidelines (Wegelin, 1996; Galvis et al.,
1998). Furthermore, continuous (overnight) runs would not be possible at higher filtration rates 
due to the limited storage capacity that could be accommodated in the CEHE microbiological 
laboratory.
Concentration of the alum stock solution and the perisltaltic pumping rate varied in accordance 
with the required dose and were adjusted so as to be less than 1.0 % of the raw water flow rate 
(z.e. 1.5 rnL/min). Alum stock solutions (were prepared daily using deionised water (see 
Appendix A).
Jar-tests were conducted to determine the coagulant dose (Appendix A). However, the chosen 
dose was that which visually appeared to have the biggest fioc after slow mixing {i.e. no 
settling), rather than selecting the dose with the minimum residual turbidity (except for run no.
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5). As no pai'ticle sizing facility was available at the time, size of floe was visually assessed for 
size properties, despite the potential limitations due to the subjectiveness of visual 
determinations for these preliminary runs. This pragmatic approach utilised for the dose selection 
during preliminary experiments at UniS was based on the work of Kawamura (1985).
These “visual” jai*-tests were conducted with fast mixing time of 2 minutes (275 ipm), slow 
mixing time of 15 minutes (50 rpm), and a settling period of 30 minutes on a jar-testing 
apparatus (Flocculator SWl -  Bibby/Stuart Scientific, UK). However, the visual assessment of 
the floes was made towards the end of the slow mix and the first minutes of the settling stage. 
This was based on the rationale that the larger the particulate the higher its removal efficiency in 
gravel filtration (Boiler, 1993). This method of dose determination based on visual observation 
had been used by Kawamirra (1985) in a similar- filtration process {i.e. two-stage filtration, Type 
2 as in Figure 2.17). Kawamrrra (1985) reported that doses for two-stage filtration based on 
visual assessment could be lower than those for conventional treatment (assessed by 
conventional jar-testing). That is, the lower doses found to be optimal for the two-stage filtration 
process had a higher jar-test residual turbidity after settling (in conventional jar-testing) than 
those optimal for conventional treatment (Kawamma, 1985). Dosage of run no. 5 was selected 
empirically to observe the effect that a low dose (5 mg/L) would have on the process.
5.2.3 Analytical methods
Turbidity was measmed using a HACH® Model 2100 P (HACH Company, Loveland, CO, USA) 
portable turbidimeter according to the manufacturer’s instructions, usually at least two to three 
times daily. Suspended solids (SS), pH and temperature were determined in accordance to 
procedures established in the Standard Methods for the Examination o f Water and Wastewater 
(APHA et al., 1995). GF/C 47 mm diameter Whatman® glass microfibre filters were utilised to 
filter out suspended solids fi-om samples. Weighing of filter papers was done on an Adam 
Equipment AAA 250L Laboratory balance with precision to 0.1 mg. pH and temperature were 
determined using a Model 43800-00 Portable Hach One pH meter (Hach Company).
Samples for turbidity testing were collected tlu'ee times a day from the hose supplying the small 
tank feeding the system and fiom the outlet of the filter column. SS, pH, and temperature 
samples were collected only once daily fiom the same points as the turbidity analysis.
85
5.2.4 Plan of experiments
The first phase of the preliminary experiments consisted of measurement of the headloss thr ough 
the filter colurmi in clean bed conditions at various filtration rates (0.2 to 7.0 m^/m^h) and media 
depths. Tap water was run through the system at increasing filtration rates and headlosses 
measmed from the piezometric board. This procedure was repeated for several depths of gravel; 
six media depths were tested, starting at 100 mm with 100 mm increments until 600 mm.
T able 5.1. Experimental conditions o f  preliminary trials with chemically-enhanced gravel filter.   j
IRun no. Filtration rate (n f/n fh ) Alum dose (mg/L) Observations
1 1.0 0.0 N o mixer in raw water tank
2 1.0 0.0 Mixer added to raw water tank
3 1.0 10 Dose determined by visual obseiwation jar-test (biggest floe)
4 1.0 30 Dose determined by visual observation jar-test (biggest floe)
5 1.0 5 Dose not determined by jar-test
The second phase using lake water for the contact filtration studies consisted of 5 filtration runs. 
The first two rims were carried out without coagulant dosing to serve as controls. The following 
runs were canied out with the addition of the coagulant at different dosages. Table 5.1 
summarises the experimental conditions of the filtr ation runs.
5.3 Results and analysis
5.3.1 Headloss through clean gravel bed
When tap water was rim through the system, the maximum headloss occurring at filtration rates 
of approximately to 7.0 m^/rn^h was 3 mm for a gravel depth of 600 mm. Headloss was not 
detected at shallower bed depths. However, such a high filtration rate is greater than those 
typically applied in gravel filtration {le. 0.5 to 2.0 rn /^m^h). No detectable headloss was 
measured in filtration rates between 0.5 and 2.0 m^/m^h. Hence, it was not possible to apply any 
of the headloss data to the established formulae in order estimate the hydr aulic gradient thr ough 
the gravel bed. This meant that a con-elation between the possible flocculation occmring within 
the gravel bed and what is known to occur in gravel bed flocculators.
5.3.2 Particulate removal by gravel filtration
Table 5.2 summarises turbidity data for filtration runs nos. 1 to 5. Trends in both the turbidity 
and suspended solids reductions were similar-; moreover, a very good correlation was established 
between these two parameters (Figure 5.2) for all data sets {le. all influent and effluent
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turbidities). Hence only tui'bidity data is addressed in detail in this section. The slope of the 
coiTelation cui've was almost unity (1.0481). Hanson (1989) has also reported suspended 
solids/turbidity ratios of approximately 1 in the lineal* coiTelation that was established. Anyhow, 
this is explained as being a characteristic of this particular suspension. From the work of Zarate 
(1994), that analysed correlations between suspended solids and tuibidities of different waters, it 
is apparent that different water sources will present different slopes in the correlation curves. The 
data of Zarate (1994) revealed, for example, that good correlations could be developed between 
suspended solids and turbidity and ranged between 0.530 to 1.260. Noting that much fewer data 
points were used to establish the correlations in that study. Cleasby (1991), considers that the 
relationship between turbidity and suspended solids is quite var iable and depends of the density, 
particle size distribution, and optical properties of the particles in suspension.
Run Dates Raw water turbidity (NTU) Filtered turbidity (NTU) Reduction Run
no. Mean (n) Min. Max. Mean (n) Min. Max. efficiency (%) duration (h)
1 02/08 to 15/08/02 28.0 (30) 11.0 90.2 19.8 (30) 8.34 54.6 29 311.5
2 28/08 to 02/09/02 84.4 (16) 51.6 96.7 58.6 (16) 43.0 70.4 31 140
3 02/09 to 07/09/02 85.5 (18) 46.4 116 23 .5 (1 8 ) 7.64 59.3 73 127.5
4 08/09 to 14/09/02 65.7 (21) 53.7 84.0 1 1 .3(21) 5.13 53.7 83 143
5 15/09 to 19/09/02 68.4 (23) 52.5 92.7 32.7 (23) 17.9 55.9 52 94
120
y = 1.048rx 
= 0.9337
100
♦  ♦
80 1004020 60 1200
Turbidity (NTU)
Figure 5.2. Conelation between turbidity and suspended solids o f  influent and effluent data (n =  74).
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Run day
Figure 5.3. Daily turbidity reduction efficiencies, run no. 2 (no dose).
Despite achieving a similar reduction in turbidity as the previous run (31 %), the variations of 
turbidity within the raw water tank were lessened with the mixer in place. The average daily 
turbidity reduction efficiencies increased with time (Figure 5.3); indicating the maturation of the 
gravel pre-filter. However, the run was terminated after 140 hours (approximately 6 days) and a 
steady state of particulate reduction had not yet been reached. No headloss was detected by the 
end of the run.
It is apparent from Table 5.2 that higher aluminium sulfate doses resulted in higher turbidity 
reduction efficiencies. The evolution of the daily turbidity reduction (filter maturation) was faster 
at increased coagulant doses (Figure 5.4). Run no. 3 was terminated after 5 days of continuous 
operation due to a failure of the peristaltic pump. The subsequent run lasted almost 6 days and 
ended because of excessive solids deposition. Finally, run no. 5 lasted approximately 4 days and 
was also terminated due to a problem in the dosing peristaltic pump.
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Figure 5.4. Increased turbidity reduction efficiencies at higher alum doses.
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Figure 5.5. Turbidity reduction through gravel filter, run no. 4 (/"= 1.0 mVm^h; alum dose = 30 mg/L).
The fourth and longest of the alum-dosed runs was the most interesting from the point-of-view 
that it presented the highest turbidity reduction (Figure 5.4) and allowed for floe deposition to be 
observed in more detail. From the second day onwards, the filtrate average turbidity was of 8.60 
NTU (Figure 5.5). This run was terminated due to complete deposition of floe in the supernatant
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of the gravel filter column. 44 hours into the run it was observed that floes were settling on top 
of the gravel in the supernatant mostly along the column wall, possibly indicating short- 
circuiting along the wall of the column. As the run progressed, these deposits formed small heaps 
of floe that could be best described as “little volcanoes”, since in the middle of the heap was a 
piped cavity. Gradually, these deposits covered the whole of the top surface area within the 
supernatant of the filter to a depth of 100 mm.
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Figure 5.6. Headloss evolution through filter depths, run no. 4 ( f =  1.0 mVm^h: alum dose = 30 mg/L).
Headloss measurements of the alum-dosed unit gave further insight into the deposition mode 
within the gravel filters. In general the highest proportions of the total headloss were from the 
deeper portions of the filter column; indicating that most of the solids deposition occurred in the 
lower depths of the filter. This was more visible in runs no. 3 and 4 (Figure 5.6), which 
terminated with final headlosses of 138 and 229 mm, respectively. The last run reached a 
maximum headloss of only 5 mm.
The pond water temperature did not vary substantially throughout the trials, averaging 22.3 °C, 
as it was kept in the laboratory. Raw water pH was usually near 8.0 and had an almost negligible 
decrease in the control runs (without coagulant dosing). At the highest alum dose of 30 mg/L the 
pH dropped from 7.9 to 7.5 in run no. 4.
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5.4 Discussion
□  SS removal % ■ Turbidity  reduction %
o 40
Run no
Figure 5.7. Suspended solids (SS) removal and turbidity reduction efficiencies.
Turbidity and suspended solids reductions followed the same trends, yet turbidity reduction 
efficiencies where higher than those recorded for suspended solids (Figure 5.7). This does not 
match the findings of Collins et al. (1994), Zarate (1994), and Galvis (1999). Their studies were 
conducted with river or synthetic model waters and indicated that suspended solids removals 
were higher than turbidity reductions. The consistency with which this occurred ruled out 
experimental error. Perhaps the difference in removal efficiencies observed in this study could be 
related to particulate characteristics of the pond water, such as particle size, shape, and 
concentration of particles. These characteristics can influence the light-scattering properties of a 
suspension whilst remaining undetected in a gravimetric analysis.
It must be kept in mind that the lower media size to column diameter ratio adopted (1:5), was 
below the recommended value of 1:10. In fact, short-circuiting was thought to have occurred 
given the initial floe deposition along the walls of the column on the gravel bed uppermost 
surface. Short-circuiting of the gravel bed signifies higher velocities along the walls of the 
column and preferential paths for flow, which would worsen the quality of the effluent. As such, 
if short-circuiting were to be eliminated on the experimental set-up, better removal efficiencies 
on probably all runs should be expected.
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Higher coagulant dosages resulted in higher particulate removals. Zeta potential measurement 
could aid in the identification of the coagulation mechanism that could be due to adsoiption- 
destabilisation, sweep coagulation or a combination of the two (Table 2.10).
One important consideration is that no pH adjustment was utilised; this could result in under- 
optimal coagulation conditions and a considerable drop in pH due to the addition of aluminium 
sulfate. Chemically-enhanced gravel pre-filtration is being tested as a possible simple alternative 
to overcome treatment difficulties that could arise from unfavourable seasonal water quality 
chaiacteristics. Adding a fuither step of pH adjustment could, in many circumstances, be beyond 
the capacity of a multi-stage water treatment plant operator in a small rural community. This 
would limit the use of a coagulant such as aluminium sulfate to waters with adequate buffering 
capacity. That is, sufficient alkalinity must be present to limit the drop in the pH to the neutral 
range. An acidic pH could result in less favourable conditions for the biological purification 
mechanisms in slow sand filters downstream of the chemically-enhanced gravel pre-filters.
Headloss evolution profiles (Figure 5.6) indicate that the bulk of the particulate removal is 
occiUTing in the lower depths of the gravel filter, a characteristic of up-flow giavel filters 
(Wolters et aL, 1989a). Fmthermore, the headloss development also shows that with the nominal 
gravel grading of 20 mm, the filter is behaving in a similar' manner to a deep bed filter; indicated 
by a quasi-linear increase of headloss with time (Figuie 5.8).
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Figure 5.8. Linear headloss development characteristic o f  deep bed filtration.
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No detectable headloss was measured in filtration rates between 0.5 and 2.0 m^/m^h during the 
first trials with tap water under clean bed conditions. Hence, it was not practicable to estimate 
the velocity gradient (G) through the filter column and the Camp number for clean bed 
conditions. These parameters could give insight into the degree of in pore flocculation that 
occurs within chemically-enlianced gravel filters.
The tiu'bidity reductions achieved in these preliminary trials with the chemically-enhanced gravel 
filtration column revealed the potential for the process to offer an efficient pre-treatment option. 
Pai'ticulaiiy considering that the colmnn tested represented the first in a three-stage gravel pre­
filter series; a further two filters would also contribute to the overall pre-treatment efficiency. 
However, the effectiveness of the pre-treatment would only be assessed by testing the 
chemically-enlianced pre-filtration configuiation in conjunction with a slow sand filter and 
comparing it to a control up-flow gravel filter series. In addition, the trials also revealed certain 
aspects that merited fluther investigation.
In waters with similar turbidity characteristics, the determination of the coagulant doses as 
reported by Kawamura (1985) indicated the potential for coagulant doses determined in 
simplified procedmes to result in different removal efficiencies (runs no. 3 and 4). The two 
visual jar-tests indicate the substantial difference in terms of selected dose when resorting to a 
visual selection of what is perceived as the biggest floe (i.e. 10 and 30 mg/L) in water of similar. 
This reflects the subjectiveness of the pragmatic visual determination and indicated the 
inappropriateness of the visual jar-test for dose determination. This method was no longer used 
throughout the rest of the experimental programme. Also, the use of velocity gradients 
(calculated from headloss) could not be used to assess the degree of flocculation occurring 
within the filter nor its simulation in jar-tests. This indicated the need for some method of 
evaluating floe size in a practical and standardised maimer to be incorporated into the jar-test 
procedure and how the empirically selected dose (as indicated from the jar-test) would perform 
on the experimental system. That is, to answer the question: does the jar-test indicate the 
appropriate dose or does it over/imderestimate the correct dose?
Considering that fluther removal should be attained with an additional two pre-filters, it is likely 
that a maximmn effluent tiubidity in the pre-treatment of 10 NTU will be achieved. However, 
the dosing of almninimn sulfate will probably leave a residual of the metal salt that could impact 
on the slow sand filter performance. Considering the toxicity of this metal it could have an 
impact on the biological treatment offered by the slow sand filter’s functional ecology.
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6 PILOT-SCALE EVALUATION OF CHEMICALLY-ENHANCED MSF* ^
6.1 Objectives and aims
The overall objective of the experimental work conducted at Shalford was to assess the efficiency 
as well as the effectiveness of chemically-enhanced up-flow gravel filters in series (UGFS) as a 
pre-treatment for slow sand filters. Specific aims were:
• To study the removal mechanisms in a chemically-enhanced MSF system;
• To evaluate a modified jar-test for coagulant dose determination;
• To assess tire effects coagulant dose with regards to turbidity and A1 residual rmder 
different par ticulate loading conditions;
• To evaluate a simplified particle sizing technique with potential for application in field 
and developing-country conditions;
• To monitor A1 residuals through tlie pre-treatment and its impact on slow sand filter 
performance;
• To apply an A1 spéciation technique to assess potential bioavailability of A1 to the 
ecology of the slow sand filter.
6.2 Materials and methods
6.2.1 Experimental setup
Experimental work was conducted from May 2003 to December 2004 at the RWE Thames 
Water Shalford Water Treatment Works (WTW) located approximately 5 km from the 
University campus. During the last months of work at the Shalford WTW, the pilot facilities 
were refurbished receiving the name of The Jim Howar d Pilot Plant (Plate 6.1a).
Water was abstracted from a canal into which the wash water from the River Tillingbour'ne 
intake screens was fed (Plate 6.1b). As turbidity levels of this River can remain below 20 NTU
* Palis o f  this Chapter have been published by Dorea and Clarke (2005a) in the proceedings o f  the IWA Specialist Group on 
Particle Separation conference: Particle Separation 2005, Seoul, South Korea, June I -  3 (Obs.: A full paper derived from this 
conference is being considered for publication in Water, Science & Tecnhology).
 ^Parts o f  this Chapter have accepted as Dorea and Clarke (2005b) to be presented at the 4th International Slow Sand and  
Alternative Biological Filtration Conference, Miilheim an der Ruhr, Germany, May 3 - 5 ,  2006.
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for prolonged periods, peaking (> 20 NTU) primarily during rain events, kaolin (mainly 
WhitChem Ltd.) was added to provide higher raw water particulate loadings when required. 
Types and concentrations of the kaolin are in Appendix B.
Plate 6.1(a and b). The Jim Howard Pilot Plant opening (a -  left). Screen wash water abstraction point (b -  right).
n
H
D
A = Mixing tank;
B = Kaolin slurry;
C = River water;
D = Peristaltic pump;
E = Overflow (to waste);
F = Constant head tank;
G = Overflow;
H = Alum stock solution;
I = Rapid mix device;
J = Gravel filter columns;
K = Slow sand filter column; 
L = Slow sand filter nutlet.
Figure 6.1. Schematic diagram o f  experimental system (second filter series omitted for clarity).
Plate 6.2. Experimental system at Shalford WTW.
Figure 6.1 illustrates the layout for the experimental setup (Plate 6.2). Raw water was pumped 
(Clarke® CSE2A) to the pilot plant’s header tank. From this tank the river water was piped to a
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mixing tank, where the kaolin stock slmiy was added via a peristaltic pump (unknown 
manufactuier). A submersible pump raised the model water to the constant head feed tank that 
operated on an overflow to maintain a constant flow to the alum-dosed and non-dosed filter 
columns. A constant flow device similar* in principle to a constant head chlorine doser (WRC, 
1989) was used to control the flow. A submersible fountain pump kept the kaolin slmi'y under 
constant agitation. Further information on the system operation and calibration are in Appendix 
B.
The test rig consisted of two parallel three-stage UGFS. These were made of 200 mm (nominal 
size) PVC-U (Polyvinylchloride-Unplasticised) pipe (Capper Plastics, UK) having a 193 mm 
internal diameter. The columns were 1.20 m high, each having a raised floor at a height of 0.10 
m (Figure 6.2). The floor height was chosen based on typical filter dimensions previously tested 
at Shalford (Clarke et oA, 1996a and 1996b). Each first, second, and third columns in the series 
were initially filled with 0.60 m of 40 (then 20), 20 (then 10), and 10 mm graded gravel (BSI, 
1992), respectively. The initial media sizes were chosen based on the gradings utilised in 
previous research on gravel filters at the same site (Clarke et a l, 1996a and 1996b). It was 
acknowledged that the media size to column diameter ratio should be less than 1:10 to minimise 
side wall effects (Dudgeon, 1967). As such, baffles made out of perforated plates were later 
installed every 0.20 m in the first filter of each series, as utilised in another gr avel filtration study 
to avoid wall effects (Rooklidge et ah, 2001).
0.01(E) *
0.01 (F)
0.30 !
0.25 I
Note;
A =  lid;
B = outlet;
C = sampling tap;
D = piezometric taps;
E = perforated plate (raised floor), 0.01 m thick;
F = base plate, 0.01 m thick.
Obs.;
• All dimensions in metres;
• Not to scale;
•  Inlet and underdrain located on base plate not
represented.
Figure 6.2. Detail o f  experimental up-flow gravel filter column (dimensions in meti es).
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Sampling taps were located 20 mm below the level of the 0.30 m supernatant. Columns were 
also fitted with piezometric taps directly below and 0.05 m above the raised floor as well as at 
the middle of tlie gravel bed. In both series columns were set with a 0.15 m difference in base 
level, which effectively deteimined their maximum terminal headloss.
Pre-treatment lines fed two influent flow controlled slow sand filters built with similar- materials 
to the pre-filters. SSF columns had a sand bed of 0.35 m and a supernatant of 0.80 m. 
Piezometric taps were located at the supernatant/sand interface and every 100 mm down the sand 
bed. Filters were covered to prevent the penetration of light. Outlets were located above the sand 
bed level; ensuring that the sand media would not dry in the event of an interruption to influent 
flow. The medium was obtained fi-om Ashford Common Water Treatment WTW (RWE Thames 
Water) had an effective size of 0.3 mm, a uniformity coefficient of 1.8, and a porosity of 37 %.
Aluminiirm sulfate (BDH, UK), Al2(S04)3T 6H20, stock solutions were prepared daily using 
deionised water (see Appendix B for concentrations and dosing rates). Dosing the solution was 
done by a 504U peristaltic pump (Watson Marlow, UK) fitted with silicon tubing cormecting to a 
1 litre plastic beaker that also received water from the constant head tank. The beaker was 
mounted on a water-driven magnetic stirrer (Camlab, UK), connected to the constant head tank, 
to facilitate rapid mixing. The non-dosed filter series received water straight fiom the constant 
head tank.
Alum dose determination. Results fiom the study of Ingallinella et al. (1998) indicated that 
conventional jar-testing, a mixing (rapid and slow) step followed by a settling stage, may not 
have been the most appropriate technique dose determination for chemically-enhanced gravel 
filtration. It follows that doses should be chosen based on resulting floe characteristics that 
favour- tlieir removal in the filtration process; in this case larger fioc particles are more 
favourably removed by gravel filtration. Preliminary results (see 5.4 Discussion) showed that 
there are considerable limitations in conducting visual inspections for fioc size assessment, as 
suggested by Kawamura (1985) due to its inherent subjectiveness. The procedure resulted in 
substantial differences in dose estimation; indicating a need for a practical and standardised form 
of fioc size evaluation, such as the use of filters for par*ticle/floc “sieving”. Such principle has 
been used in different par-ticle characterisation studies (Sheldon, 1972; Salonen, 1974; Laxen and 
Chandler, 1982; Ledin et al., 1995). Besides, such an empirical approach to dose selection had to 
be adopted as preliminary experimental work did not permit the use of headloss measur ements to 
be correlated to gr avel flocculator design equations.
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Furthermore, it is plausible that a final filtration step rather than a sedimentation phase could be
incorporated to the jar-test, as such test should attempt to mimic aspects of the process in
question. In a similar treatment process (two-stage filtration), Di Bernardo et al. (2000) used lab- 
scale sand columns and Whatman® 40 and 41 filter papers as the final filtration stage of a 
modified jar-test. Their results showed that the sand column predicted the optimum coagulant 
dosage better than the filter papers. However, from a practical perspective the test with sand 
columns takes time to prepare and is more difficult to repeat. Therefore, it was decided to 
integrate filtration through paper as a filtration step to a modified jar-test (MJT).
A wooden filtration stand was built, in which 
five plastic furmels could be held vertically 
(Plate 6.3). A 110 mm diameter Whatman® 41 
filter papers (Fisher, UK), particle retention 
size of 20 to 25 pm, were folded and placed 
into each funnel. The retention size of the filter 
paper determined its choice, as in essence it 
would act like a sieve for fioc characterisation. 
Immediately after the slow mix stage, a 30 to 
40 mL sample fi-om each beaker was poured 
into the funnels. Small samples were taken to minimise the effects of cake filtration on the filter 
papers. Filtrate turbidity was measured and recorded for each aluminium sulfate dose. Lower 
recorded turbidities should be indicative of larger fioc, as floes larger than the nominal retention 
size of the filter paper should be retained. The jar-test beakers were left to settle and residual 
turbidities were measured 30 minutes later. These tests were done in situ at Shalford and a 
comparison with PSD determinations on the Coulter Counter was not possible within the 
experimental programme.
The mixing stages of the jar-tests were completed using a Variomag® Electronicriihrer 
Multipoint HP magnetic stirrer (Camlab, UK) with capacity for six 600 mL Pyrex® (Fisher, UK) 
beakers (height x diameter: 125 x 90 mm). Unless otherwise stated fast mixing lasted 2 minutes 
with the rpm indicator set to 500. Slow mixing was generally conducted for 15 minutes with the 
magnetic stirrer set to 200 rpm. These mixing speeds offered good repeatability, as magnets 
could not cope with higher fast mixing speeds and a continuous circular movement was not 
possible at lower slow mixing speeds. Preliminary jar-testing indicated little difference between
Plate 6.3. Filtration stand for modified jar-testing procedure.
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a slow mixing of 15 and 30 minutes (Appendix B). The slow mixing time of 15 minutes also 
offered the possibility of conducting more tests per day if necessary. This was a decisive factor 
considering the limited time available at the site (see 6.2.3 Plan of filtration runs) to perform all 
other daily scheduled sampling and analysis, calibrations, adjustments, and maintenance work on 
the experimental system.
In both jar-tests (conventional and modified) aluminium sulfate doses were tested until the 
residual pH decreased to a value of 7.0, due to the deprotonation that occurs during its hydrolysis 
when added to water. This limiting neutral pH was chosen as a criterion taking into consideration 
that: a pH adjustment facility was not available; the chemically-enhanced gravel filtration was 
employed to pre-treat waters for slow sand filters; and that the some of the purification 
mechanisms in these filters are biological. It was thought that an acidic pH could affect the 
biological processes taking place within the filter.
It should be noted that during the first series of runs (no. 1 to 9), conventional jar-tests were 
conducted at the laboratory at UniS using the above mentioned equipment (see Appendix B). 
The modified jar-tests were only incorporated to the experimental Runs no. 10 to 25 (see 
Appendix B) once adequate laboratory space was developed at the pilot-plant (Plates 6.4a and 
6.4b).
ài *
T
Plate 6.4(a and b). Makeshift laboratory in container (a -  left) during Runs no. I to 9 and laboratory space made
available (b -  right) for during Runs no. 10 to 25.
6.2.2 Analytical methods
Turbidity. Turbidity was measured in situ using a HACH® 2100 P (HACH, USA) portable 
turbidimeter. The instrument was operated and periodically calibrated according to the 
procedures established by the manufacturer. Calibrations were done using formazin solutions
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prepai'ed according to the Standard Methods for the Examination o f Water and Wastewater 
(APHA e ta l,  1995).
Thermotolerant faecal coliform (FC). Thermotolerant faecal coliform counts were determined 
using the International Standards Organisation (1990) membrane filtration method. The FC 
group was used as the indicator organism of microbial diseases, as they provide an acceptable, 
precise, and extremely sensitive means of evaluating treatment performance (Lloyd et a l, 1991). 
Duplicate tests were performed at the UniS laboratories utilising sterile 0.45 pm membrane 
filters (Gelman Sciences, UK), 500 mm disposable Petri dishes (Bibby Sterilin Ltd., UK) and 
membrane lauryl sulphate broth (OXOID, UK). Sample bottles were thoroughly washed with 
soap and hot water before immersion in boiling water for 15 minutes.
pH. pH was determined in situ with a pH Checker (Hanna Instruments, UK) or at the UniS using 
a pH 211 pH meter (Hanna Instruments, UK). Use and calibration of both instruments were 
performed according to the manufacturer’s instructions.
Dissolved oxygen (DO) and temperature. Dissolved oxygen was measirred with a DO 175 
Dissolved Oxygen Meter (HACH, USA) as specified by the manufacturer. Temperature 
determinations were performed with either a general purpose glass thermometer or with the 
temperatm e measur ing featur e of the DO meter. These measurements were made in situ.
Ultraviolet absorption (UVA). Ultraviolet absorption at 254 nm wavelength (UVA-254) was 
used as a smTogate for dissolved organics with an aromatic structure (Najim et a l, 1994; Eaton, 
1995). Analysis was conducted at the University of Surrey as specified by Eaton (1995) using a 
Helios Alpha (Unicam, UK) UV-visible spectrophotometer and a 10 mm lightpath far UV quartz 
cuvette (Hellma, UK). Samples were filtered through 0.45 pm membrane filters (Gelman 
Sciences, UK) to eliminate interference from suspended particulates in situ.
Free chlorine demand. On some occasions the effluent of the slow sand filters were tested for 
their free chlorine demand. This simple test was performed to serve as an indicator of the organic 
removal capacity of the chemically-enhanced MSF series. 100 mL glass beakers were filled with 
slow sand filter effluent sample and dosed with increasing amounts of HTH sodium hypochlorite 
stock solution. After initial mixing and 30 minutes of contact time the beakers were tested for 
ftee residual clilorine (HACH DPD Method 8021 -  adapted from APHA et ah, 1995) using a 
HACH DREL/2000 Spectrophotometer (CAMLAB, UK) according to the manufacturer’s 
instructions.
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Zeta potential. The zeta potential of the particles through the filter series was measured using a 
Zetamaster (Malvern Inshuments, UK) zeta potential meter according to the manufacturer’s 
instructions. Readings were taken as an average of five measurements (20 second duiation) with 
a 5 second delay.
Aluminium. Dissolved A1 residuals (Eriochrome cyanine-R dye method) were initially 
measuied according to APHA et al, (1995). Dissolved Al was operationally defined as the 
fraction passing through a 0.45 pm membrane filter (Gelman Sciences, UK). However, the 
sample treatment procedmes for the removal of interference (attiibuted to phosphates) were time 
and labom* intensive; rendering this technique non practicable considering the laige number of 
samples collected each day (up to 40). Total A1 residual measmements were also impracticable 
due to sample preparation time (2 h/sample) and incoherent results (also likely due to 
interference see Table 6.5). The analytical difficulties with this spectiophotometric method 
(APHA et al., 1995) for Al required an alternative teclmique which could overcome such 
limitations (i.e. sample processing practicalities and interferences). The difficulties with the 
Eriochiome cyanine-R dye method were of particulai* concern, as the monitoring of A1 residuals 
through the chemically-enhanced MSF system was central to the hypothesis of the reseaich.
Total and dissolved fractions of A1 residuals were then determined spectrophotometrically using 
an A1 extraction and fractionation technique described by Van Benschoten and Edzwald (1990). 
This technique was chosen because it could be carried out with the instrumentation available at 
the CEHE laboratories. According to the literatme (Bloom et al., 1978; May et al., 1979; Bloom 
and Erich, 1989) this was spectrophotometiic method that had the least sources of interference 
and which could be rapidly/practically tieated. Furthermore, this method for A1 determination 
with 8 -hydroxyquinoline chelation could be coupled with a subsequent fractionation study 
without the need for the development of a new procedme, as this method has widely applied in 
A1 fractionation and determination studies (see 3.3 Aluminium determination and 3.4 
Aluminium fractionation). A procedme for A1 fractionation would have to be developed or 
adapted from an existing methodology if the use of the Eriochrome cyanine-R dye method 
(APHA et al., 1995) were continued.
This alternative method relies on chelation of the A1 species with 8-hydroxyquinoline (Sigma- 
Aldrich, UK) at a buffered pH of 8.3 and liquid-liquid extraction of the almnino-chelates with 
spectrophotometric grade butyl acetate (Sigma-Aldrich, UK). Calibration cmves were produced 
for each batch of reagents. The utilised protocol and materials of the exti nction and fr actionation
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methods are detailed in Appendix C and D, respectively. The fractionation technique utilised a 
strongly acidic cation exchange resin (Plate 6.5), Amberlite IR-120PLUS (Sigma-Aldrich, UK), 
and allowed the further analysis of the A1 spéciation (see 3.4 Aluminium fractionation) 
occurring throughout the chemically-enhanced series; operationally defined procedures 
permitted the fractionation of A1 species to be grouped as schematised in Figure 6.3. Both 
spectrophotometric methods of A1 determination utilised a Helios Alpha (Unicam, UK) UV- 
visible spectrophotometer and a 10 mm lightpath far UV quartz cuvette (Hellma, UK). The 
filtration and cation exchange of the sample were done in situ. All other procedures regarding the 
sample treatment and analysis took place at the UniS laboratories.
A -  Total 
reactive
C -  Dissolved E -  Dissolved 
organic
Sam ple
Acid
FilterAcid
Acid
Ion exchange
Spectrophotom etric procedures
B -  Total 
dissolved
D -  Dissolved 
organic
A -  B “  particu la te
B - C  -  polym eric-colloidal and strongly bound organic 
B -  D = dissolved inorganic 
C -  E = dissolved inorganic monom eric
Plate 6.5. Fractionation ion exchange column. Figure 6.3. AI fractionation (Van Benschoten and Edzwald, 1990).
The method detection limit (MDL) was determined according to the Standard Methods (APHA 
et al., 1995) using a sample of coagulant-dosed water. 14 replicates were analysed to determine 
the mean (374 pg/L) and standard deviation (7.62 pg/L). A one-tailed Student test yielded a t 
value at the 99 % confidence level with 13 degrees of freedom of 2.65. The calculated MDL was 
equal to 20 pg/L. The relative standard deviation was used as a measure of precision and was 
equal to 2.0 percent.
Particle size distribution (PSD). The analysis of particle size distribution was carried out using 
a Coulter Multisizer II (Coulter Electronics, UK) with a 30 pm orifice aperture tube. 
Measurements and calibrations were carried out according to the User’s Manual. Each sample 
was analysed three times. Rather than using the Isotone solution supplied by the manufacturer an 
alternative 1 % NaCl solution was used and prepared according to the User’s Manual. Samples
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were transported back to the UniS for PSD measmements; this had to be done as quickly as 
possible so as to minimise changes in particulate char acteristics, particularly in the case of the 
alum dosed series of filters. Analysis of samples usually started 15 to 20 minutes after collection. 
Initially, PSD determinations were canied out as routinely as possible. However, the instrument 
utilised had to be repaired/maintained on occasions and no analysis could be carried out during 
its downtime.
An alternative PSD technique that utilises simple instrumentation and relatively cheap 
consumables was also evaluated for its attractiveness for work in the field and in developing 
countries. Wegelin (1996) describes a “sequential filtration test” developed at 
EAWAG/SANDEC. The methodology briefly explained by Wegelin (1996) has been utilised 
previously elsewhere and is based on what is described as a “sieving” technique (Sheldon, 1972; 
Salonen, 1974; Laxen and Chandler, 1982; Ledin et aL, 1995).
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Figure 6.4. Particle size distribution by sequential filtration tests (Wegelin, 1996).
The alternative PSD test utilises Nucleopore (Whatman, UK) membranes to be used as sieves 
jointly with tmbidity measmements. The relative filtrate tmbidity is recorded and plotted against 
the membrane pore size. Ideally a simplified particle size distribution can be generated (Figme 
6.4). Wegelin (1996) cites a report by Kobler et al. (1996) possibly containing more details on 
the technique. Yet, upon request of this docmnent it was understood that it could not be found at 
its research institution of origin and that the technique provided “some correlations” with Coulter 
Counter PSD determinations (Wegelin, 2003 personal communication).
Work on sequential filtration tests (SFT) was conducted by a post-graduate student under the 
guidance of the author who conceptualised the MSc. dissertation project (Zipperlen, 2004). This 
was the only analytical work presented in this thesis in which the author had no direct
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participation. In this case, tlie SFT had to be adapted to filter media that could be acquired 
cheaply. Hence, only two Nucleopore (Fisher, UK) membrane filters were utilised (pore sizes: 
0.8 and 1.0 pm). The test was also evaluated using other readily available membrane and paper 
filters. The different filter media tested (Fisher, UK) and their characteristics are summarised in 
Table 6.1.
Table 6 .1. Filter media utilised for the sequential filtration tests.
Filter Pore or particle Type
retention size (pm)
Gelman Sciences 0.45 Membrane
Whatman® Nucleopore® A 0.8 Membrane
Whatman® Nucleopore® B 1.0 Membrane
Whatman® 42 2.5 Paper
Whatman® 44 3 Paper
Whatman® 6 3 Paper
Schleicher and Schull® 595 4 to 7 Paper
Whatman® 3 6 Paper
Whatman® 1 11 Paper
Whatman® 4 20 to 25 Paper
Whatman® 41 20 to 25 Paper
Kaolin settling tests. Kaolin from an industrial supplier (Whitchem Ltd.) that could be acquired 
in bulk was obtained for the experimental work. The supplier offered four varieties of kaolin 
clays with different gradings. The PSD (provided by manufacturer) of the Whitchem Ltd. clays 
are plotted in Figure 6.5.
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Figure 6.5. Particle size distributions o f  tested kaolin clays fi om Whitchem Ltd.
In order to verify how these PSDs related to the behaviour of the clay particles in water and in 
relation to alternative Sigma-Aldrich supplied clays, settling tests were performed. The 
underlying assumption based on Stoke’s Law was that the smaller the clay particulate size the
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longer it would take to settle. 1 litre beakers were filled with water and spiked with identical 
concentiations of kaolin based on dried weight of the clay, mixed, and left to settle under 
quiescent conditions at room temperatuie. Turbidity samples were taken from 20 mm below the 
sur face as a measm e of particle concentr ation at set time internals.
6.2.3 Plan of filtration runs
For security reasons access to the pilot system was limited to the working hours of the Shalfor 
WTP. This effectively limited the maximum duration for the typical gravel filtration runs to 5 
days. During weekdays typical activities such as sampling, kaolin turbidity challenges, and alum 
dosing were carried out, culminating in the filter cleaning on the last day. On weekends, the 
system was left to run unattended with river water only. Hence, the slow sand filters could 
function continuously.
Table 6.2 summarises the general operational conditions during the study for the dosed filters; 
specific variations to each run (e.g. filtration rate, turbidities, media size). The control series 
undertook the same turbidity loadings with no alum dosing. Filtration rates were those typical of 
multi-stage filtration (Galvis et al,, 1998).
Table 6.2. Summarised operational conditions o f  pre-filtration runs.
Run no. / Dose Other comments:
1 to 9 0.5 and 1.0 2.6 Calibrations, different clays tested, run 5 at 1.0 m^/m^h, at moderate turbidities (approx. 100 to 150 NTU).
10 to 12 0.5 2.0 and 4.0 Low turbidities (30 to 40 NTU), varied dosing.
13 and 14 0.5 4.0 Moderate turbidities (approx. 75 and 150 NTU).
15 0.5 0.0 Changing o f  media in gravel filters, no dosing.
16 to 19 0.5 2.0 to 6.0 Moderate-high turbidities (approx. 100 to 300 NTU), varied dosing.
20 to 25 1.0 4.0 to 8.0 Higher/ and moderate-high turbidities (approx. 150 to 300 NTU).
Initial runs (1 to 9) were conducted in very similar conditions mainly for system calibration and 
to verify the viability of the of chemically-enhanced (contact) gravel pre-filtration. Also, during 
these runs, performance using foiu kaolin variants with different gradings which had been 
acquired fiom an industrial supplier (Whitchem Ltd.) were compared with that achieved when 
using kaolin provided by the laboratory supplier (Sigma-Aldrich, run 9). It was thought that the 
different particle size distributions of the kaolin types could influence the performance of the 
experimental MSF system. Aluminium sulfate doses for these runs were determined by 
conventional jar-testing (Appendix B). Ultimately, the industrial supplier’s kaolin (Speswhite) 
was chosen based on the manufacturer’s recommendation for pre-filtration runs 10 to 25. 
Aluminium sulfate doses for these runs were evaluated by means of conventional jar-testing or
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modified jai-testing (Appendix B). In some cases the chosen dose was different from that 
indicated by the jar-test (higher or lower) to evaluate whether tlie pilot-system perfoi*mance 
could still be improved {i.e. evaluation of jar-tests).
On Rims no. 20 to 25 the filtration rate of the pre-filtiation stage was increased fiom 0.5 to 1.0 to 
verify the influence of this parameter on the pre-treatment performance. Some studies (Ahsan, 
1995; Rissoli et ah, 2000; Cai*valho et ah, 2001) reported improved particulate removals at 
higher filtration rates. This could perhaps be attributed to a better hydraulic gradient which in 
tui’n yielded a better in-pore flocculation.
Slow sand filters were incorporated at run 12, running at a rate of 0.150 mVm^h. Two slow sand 
filter runs were cairied out, the first under the pre-treatment regimes of runs 12 to 19 and the 
second during runs 20 to 25.
6.3 Results and specific discussions
The pre-treatment series’ mean turbidity reduction efficiencies were calculated based on 
turbidity levels during “steady state treatment,” this is defined in Collins et ah (1994) as the 
achievement of average or flatline pai*ticulate removal ratio. Figuie 6.6a depicts the first day of 
kaolin and alum dosing where it can be observed that tui'bidity levels for the chemically- 
enhanced series (A) and control (B) were not yet stable. Typically, steady state was observed to 
occui' after the first day of dosing of kaolin or alum (Figuie 6.6b). Analysis of steady state data 
may not be representative of what occms in a real MSF plant (Dorea, 2005c), as usually pre­
filters do not l'un to waste, but it allowed the influence that the different paiameters had on 
pai'ticulate removal efficiencies to be obseiwed.
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Figure 6.6(a and b). First (a -  left) and second (b -  right) days o f  run no. 8, steady state observed in second day.
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6.3.1 Pre-treatment
Gravel pre-filtration runs 1 to 9. Runs no. 1 to 9 served to calibrate the system and test kaolins 
with different PSDs on the system under similar operating conditions (Table 6.2). During these 
runs filters 1, 2, and 3 had the respective gravel gradings of 40, 20, and 10 mm. Conventional 
jar-testing (Appendix B) indicated that a dose of 30 mg/L of alum (equivalent to 2.6 mg/L as Al) 
resulted in the lowest settled turbidity with a pH > 7.0.
Run no. 1 consisted of a series of one-day trials in which the kaolin and alum dosing equipment 
were switched off at the end of the day, after 6 to 7 hours of operation, to facilitate the 
calibration of the experimental rig. As such, no steady state treatment was achieved and 
treatment efficiencies were not calculated. Although both mns no. 2 and 3 were intended to be of 
5 days duration, problems with the alum dosing aiTangement shortened the duration of the trials.
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Figure 6.7. Typical turbidity profile o f  5-day pre-filtration runs represented here with data from Run no. 7 (/■=
n  ^ 1  A m rt/T esc Al^
•fil( - .
It must be kept in mind that the lower media size to column diameter ratio adopted (1:5) in the 
first pre-filter units (Le. 3A and 3B), was below the recommended value of 1:10. This could have 
resulted in some short-circuiting and can have affected some of the results. However, this would 
indicate that removal efficiencies of the first pre-filtration units would be higher than observed. 
In later runs baffles were installed in the first filter units and subsequently their media was 
changed to 20 mm, which attended the recommended media size to column ratio.
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Turbidity, Table 6,3 suiiunarises the pre-treatment efficiencies with regai'ds to turbidity 
reductions. Typically the pre-filtration runs of 5 days presented similar turbidity profiles as 
shown in Figure 6.7.
Table 6,3 . Turbidity results for Runs no. 2 to 9 (Media size for filters 1 ,2, and 3: 4 0 ,20 , and 10 mm).
Run
no.
Alum
dose
Turbidities (NTU)
Raw water Series A  Series B
Reduction efficiencies (%) 
Series A  Series B
Duration 
_ (d)
Kaolin clay 
type
2 0.5 2.6 138 2.28 24.9 98.3 81.9 2 Supreme
3 0.5 2.6 131 3.18 54.5 97.6 58.3 2 Supreme
4 0.5 2.6 130 3.55 39.3 97.3 69.3 5 Supreme
5 1.0 2.6 115 3.69 55.6 96.3 51.6 5 Supreme
6 0.5 2.6 151 5.15 44.8 96.6 70.4 5 Polwhite B
7 0.5 2.6 129 3.78 52.8 97.1 59.0 5 Polsperse 10
8 0.5 2.6 124 3.92 35.1 96.8 71.7 5 Speswhite
9 0.5 2.6 126 13.3 60.9 89.5 51.8 5 Sigma-Aldrich
/  = filtration rate; Alum dose -  dose in mg/L as Al for coagulant-dosed series A.
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Figure 6.8. Daily average turbidity reduction efficiencies vs. influent turbidities during Runs no. 1 to 9.
The turbidity reduction efficiencies for the chemically-enhanced series A were superior to those 
of the control series B. Apart fiom Run no. 9, series A was able to achieve average effluent 
turbidities well below 10 NTU. Moreover, series A reduction efficiencies were less susceptible 
to variations (range = 89.5 to 98.5 %) than series B (range = 51.6 to 81.9 %). Figuie 6.8 details 
the daily tui'bidity reduction efficiencies of each series during steady-state conditions, depicting 
the greater variation in conventional gravel filtration efficiencies than those recorded by the 
alum-dosed system. To give an idea of the pre-filtration efficiencies that would theoretically be 
necessary to achieve pre-filtration effluents of 2, 10 and 20 NTU, given the influent turbidity 
range considered, the respective ciuwes have been added to Figure 6.8. It can be appreciated
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from Figui'e 6.8 that the chemically-enhanced series in general achieved turbidity reduction 
efficiencies capable of guaianteeing an effluent of less than 10 NTU in the majority of cases, as 
opposed to the control series which was not capable of so in any case.
Considering the similar' operational conditions {i.e. filtration rate, dose, turbidity, and run 
duration) runs 4, 6, 7, 8, and 9 evaluated the possible influence of the clay type used on the 
turbidity reduction efficiencies and parficle removal in conventional (no added aluminium 
sulfate) gravel pre-filters. The turbidity reduction efficiencies of the selected runs were: 71.7 % 
(Run no. 8 -  Speswhite kaolin); 70.4 % (Run no. 6 -  Polwhite B kaolin); 69.3 % (Run no. 4 -  
Supreme kaolin); 59.0 % (Run no. 7 -  Polsperse 10 kaolin); 51.8 % (Run no. 9 -  Sigma-Aldrich 
kaolin). The small differences in perfor-mance between Run nos. 8, 6, and 4 are unlikely to be 
statistically significant. The similar turbidity reduction efficiency diu'ing the use of the Polwhite 
B, Speswhite and Supreme kaolins was not expected, and could be due raw water characteristics 
that could affect particle removal in gravel filters (e.g. hardness, organics). In between the runs 
the river water quality could have changed in such a manner that the resulting efficiencies were 
similar.
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Figure 6.9. Particle size distribution o f  the tested kaolin clays.
According to the PSD of the industrial kaolins in Figure 6.9, the Supreme (Run no. 4) variant 
could be expected to perform more similarly to the Polsperse 10 (Run no. 7) kaolin rather than
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the other coarser clays. According to Figure 6.9 the run with Polwhite B should have presented i
the highest efficiency. The finest of the clays, Polsperse 10 (Run no. 7), had the smallest j
turbidity reduction efficiency of the industrial kaolins. Although the Sigma-Aldrich (Run no. 9) j
kaolin had the fastest settling rate, it had the worst tui'bidity reduction efficiency. However, this '
was thought to be due to a rainfall event that week, which could have altered the raw water ;
chemistry. This hypothesis is corroborated by the increased UVA-254 measurements (see 6.3.2 
Slow sand filtration) and a similar' reoccmi'ence during Run no. 21. Similar gravel filter 
behaviour' was observed by Ahsan et al. (1996) whose data demonstrated that in runs with a 
model water an increase in humic acid caused an appreciable decrease in turbidity reduction 
efficiency.
PSD. Particle size distributions of the tested clays in water differed somewhat from those given 
by tlie manufacturers (Figure 6.5). In this case (Figiue 6.9) Supreme had a similar' PSD to the 
Polwhite B kaolin, which is different from Figure 6.5. According to Figme 6.5 Supreme should 
have a PSD similar* to Polsperse 10, rather Speswhite kaolin was similar to Polsperse 10. Perhaps 
this could be attributed to the fact that the two cur*ves have been determined with different 
methods, i.e. Figure 6.5 (graph provided by manufacturer) seems to be done by a gravimetric 
analysis and Figure 6.9 by analysis relying on differences in electrical resistance {i.e. Coulter 
principle). No details on the gravimetric analysis used by the kaolin supplier (Figure 6.5) did not 
allow a fmther evaluation of the observed differences. In general, these clay PSD are comparable 
to those of kaolins used in other studies (Ahsan, 1995; Wegelin et al. 1987). It can be seen that 
the Supreme and Sigma-Aldrich kaolins were respectively coarser and finer than predicted from 
the PSD given by the manufacturer and the settling tests. No explanation was found for tliis.
From finest to coarsest the clays were: Polsperse 10, Speswhite, Sigma-Aldrich, Polwhite 10, 
and Supreme. However, some clays were had very close PSD {i.e. Speswhite/Sigma-Aldrich and 
Polwhite lO/Suprerne).
Table 6.4. Filtration efficiencies (X) for runs 4 to 9 (Media size for filters 1 ,2 , and 3 :4 0 ,2 0 , and 10 mm).
Run
no. (m7m^h)
Alum
dose
Kaolin clay 
type
Series A  (chemically-enhanced) 
lA  2A  3A IB
Series B (control) 
2B 3B
4 0.5 2.6 Supreme 1.94 0.79 1.44 0.21 0.34 0.43
5 1.0 2.6 Supreme 1.56 1.04 1.54 0.06 0.18 0.34
6 0.5 2.6 Polwhite B 1.85 0.73 1.13 0.21 0.21 0.44
7 0.5 2.6 Polsperse 10 1.28 1.26 1.65 0.14 0.21 0.32
8 0.5 2.6 Speswhite 1.62 0.72 0.92 0.17 0.30 0.46
9 0.5 2.6 Sigma-Aldrich 0.25 0.23 0.41 0.09 0.12 0.18
/== filtration rate; Alum dose -  dose in mg/L as Al for coagulant-dosed series A.
Table 6.4 presents the filtration efficiencies (À,) of each filter considering particles between 0.857 
to 8.44 pm. As with turbidity results (Table 6.3), particle counts also show that the coagulated
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series A consistently performed better than the undosed (control) series B. The filtration 
efficiencies of both series aie comparable to those of other gravel filtration studies in similar 
conditions (Alisan, 1995).
Considering that sedimentation is one of the principal removal mechanisms in conventional 
gravel filters (Boiler, 1993), it would be reasonable to expect that gravel filters would have 
higher particulate removal efficiencies with coarser suspensions. Hence, coarser suspensions 
should present higher filtration efficiencies, as described previously (see 2.2.3 Filtration theory 
applied to gravel filters), and vice-versa. Apart fiom Run no. 9 that was thought to have been 
affected by the raw water chemistry, X values for filter IB aie in close agreement with what 
could be inferred fiom the particle size distributions of Figure 6.9.
In order to verify the higher filtration efficiencies of coarser paiticulates X was calculated based 
on particle size. Influent and effluent concentrations of particles were used to calculate the 
filti’ation efficiencies in the range of 1 to 8 pm (Figures 6.10 to 6.15). In all filters, with the 
exception of 1 A, it was apparent that the increase in X with increasing particle size followed the 
same trends. In several runs the frequency of particle counts above 6 pm was relatively low 
(sometimes not detected), this may explain the deviations of some of the data points fiom the 
trends. Also, higher X values were observed for decreasing gravel gradings in accordance with 
theory (Boiler, 1993).
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Figure 6.10. Filtration coefficients for filter 1A  (40 mm gravel -  Al-dosed series).
The particle size specific filtration efficiencies of filter 1A varied considerably to the other filters 
and followed a similar trend between the different runs. A minimal, sometimes negative, X value 
occurred for particles of 4 to 5 pm (Figure 6.10); signifying a decrease in ratio of the influent
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(raw water) to effluent particle concentration. The increasing X values for decreasing paiticle size 
(between 1 to 4 pm) could indicate that these paiticles aie occuning with less frequency in the 
filter effluent due to agglomeration into bigger paificles (or floe). This could be indicative of 
particle growth in the filter; for example, Ahsan (1995) found that the mean particle size after 
coagulation was of 5 pm. However, the possibility that some of the particle growth occuned 
dui'ing the transport of the sample for analysis (within 20 minutes of collection) in the laboratory 
at Unis could not be discarded and may have influenced the paiticle count.
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Figure 6.11. Filtration coefficients for filter 2A  (20 mm gravel -  Al-dosed series).
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Figure 6.12. Filtration coefficients for filter 3A  (10 mm gravel -  Al-dosed series).
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Figure 6.13. Filtration coefficients for filter IB (40 mm gravel -  control series).
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Figure 6.14. Filtration coefficients for filter 2B (20 mm gravel -  control series).
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Figure 6.15. Filtration coefficients for filter 3B (10 mm gravel -  control series).
UVA-254. Although the coagulant dosing was intended for the enhancement of particulate 
removal, it also augmented the removal of dissolved organics measured by UVA at 254 nm 
wavelength in series A. Raw water UVA-254 levels ranged from 0.053 to 0.079 cm'^ up to Run
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no, 8. During a significant rainfall event in Run no. 9 the UVA-254 averaged 0.193 cm'^
(peaking at 0.216 cm'^). The high UVA-254 levels obseived in Run no. 9 could be related to the 
reduced pai'ticulate removal in both series in comparison to previous runs. Higher dissolved 
organic concentrations created a higher alum demand on the coagulated-series due to the 
stoichiometric relationship between coagulant dose and dissolved organics (Bratby, 1980) and 
may have stabilised the colloidal suspension in the control series (Boiler, 1993). Removal 
efficiencies of the coagulated series A varied between 42 to 56 % whilst the conventional 
(conti'ol) series B achieved removals ranging from 6 to 10 %.
Faecal coliforms. FC removal was also higher in the series A (range = 0.62 to 1.69 log) in 
compai'ison to series B (range = 0.28 to 0.65 log); possibly due to the use of aluminium sulfate.
Raw water FC concentrations averaged (arithmetic) 570 cfti/lOO mL (range = 74 to 1825 cfu/100 
mL). In a similai' fashion to particulate removal, FC removal in series A also suffered a reduction 
due to the alteration in water chemistry during Run no. 9, paiticularly in the chemically- j
enhanced series. i
I
I
Aluminium residuals. The average dissolved Al (AId)  residuals for each run aie presented in !
Table 6.5. The raw and uncoagulated filtered waters were not expected to have high AId values; !
however, the low and sometimes negative readings are most likely due to phosphorus '
interference. In fact, these values were below the minimum detection limit of the method of 
0.006 mg/L or 6 pg/L (APHA et a/., 1995).
Table 6.5. Average dissolved Al (Alp) concentrations (mg/L) for runs 2 to 9.
Run Alum Raw Series A (chemically-■enhanced) Series B (control)
no. (m /m-h) dose water lA 2A 3A IB 2B 3B
2 0.5 2.6 0.001 0.014 0.010 0.007 0.004 0.003 0.000
3 0.5 2.6 0.004 0.018 0.011 0.007 0.003 0.003 0.002
4 0.5 2.6 -0.002 0.024 0.009 0.002 -0.002 -0.002 -0.001
5 1.0 2.6 0.001 0.008 0.006 0.006 0.001 0.000 0.001
6 0.5 2.6 0.001 0.021 0.017 0.008 0.001 0.000 0.000
7 0.5 2.6 -0.001 0.025 0.011 0.004 0.000 -0.001 -0.001
8 0.5 2.6 0.002 0.044 0.030 0.021 0.004 0.001 0.002
9 0.5 2.6 0.000 0.035 0.025 0.017 0.000 0.001 0.001
/  =  filtration rate; Ahim dose  =  dose in mg/L as Al for coagulant-dosed series A.
In the coagulant-dosed series A the A Id levels gradually decreased from filter lA to 3 A. This 
was possibly indicative of the residual coagulant being utilised for destabilisation throughout the 
series. It is also possible that some degi'ee of phosphorus interference was occuning with these 
samples and that the values could be higher. Interestingly, during Run no. 5, in which the 
filtiation rate was doubled to 1.0 m"/m“h, the AId residual concentiations were much lower than
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tlie other runs. This could be due to a greater energy dissipation (liigher velocity gradients) in the 
gravel bed contributing to a higher degree of flocculation.
Headloss. No headloss was detectable on the control series B thioughout the first set of runs. 
Headlosses in series A increased as the run progressed. The maximum recorded value was of 6 
mm (filter 3A -  10 mm gravel) during the fifth day of Run no. 9. Othei*wise, the filters with 
increasing gravel sizes presented decreasing headlosses with 1 mm the maximum for filter lA 
(40 mm gravel). Headloss occuned mostly in the first 0.30 m of the filters indicating where the 
bulk of the floe deposited. However, it could be obseiwed in the first filter 1A that floe deposited 
on the upper surface of the layer of gravel at the media-supernatant interface. This was due to the 
lower upwai'd velocity in the supernatant area. These deposits usually staited around the column 
wall, possibly indicating preferential paths for the water flow.
Runs 10 to 25. During these runs the giavel filters were studied under various tuibidities and Al 
doses, as well as different filtration rates (Table 6.2). The gravel giadings for Runs no. 10 to 14 
were the same as the previous set of runs. The difference with the previous runs was that baffles 
made out of perforated plates were installed every 0.20 m in the first filter of each series. 
However, the gravel in the filters lA  and IB was changed from 40 mm to 20 mm nominal size 
(Run no. 15). During Runs no. 17 and 18 an inteimediate filter washing was carried out and 
hence these runs have been fuither subdivided into “a” and ”b.” Slow sand filters were 
incorporated at run 12, running at a rate /  of 0.150 m^/m^h. Two slow sand filter runs were 
carried out, the first under the pre-treatment regimes of runs 12 to 19 (/’= 0.5 m^/m^h) and the 
second during runs 20 to 25 (/’= 1.0 m^/m^h).
T able 6.6. Summary o f  pre-filtration turbidity results for Runs no. 10 to 25.
Run Alum Turbidities (NTU) Reduction efficiencies (%) Duration
no. (m /m  h) dose Raw water Series A Series B Series A Series B (d)
10 0.5 2.0 31.1 1.6 11.37 94.7 63.5 2
11 0.5 4.0 32.3 1.00 8.46 96.9 73.8 3
12 0.5 2.0 36.8 2.51 11.5 93.2 68.7 5
13 0.5 4.0 73.8 1.69 19.7 97.7 73.4 5
14 0.5 4.0 151 2.25 38.6 98.5 74.5 5
15 0.5 0.0 Media changed in filters, both series on river water only (no kaolin).
16 0.5 4.0 112 1.09 26.0 99.0 76.8 3
17a 0.5 2.0 175 7.45 38.8 95.7 77.8 4
17b 0.5 4.0 309 1.80 64.3 99.4 79.2 2
18a 0.5 4.0 241 2.60 53.7 98.9 77.7 3
18b 0.5 6.0 262 1.39 67.7 99.5 74.1 2
19 0.5 6.0 285 1.48 64.6 99.5 77.4 5
20 1.0 6.0 190 3.88 66.5 98.0 65.0 2
21 1.0 6.0 139 3.17 68.6 97.7 50.6 4
22 1.0 8.0 206 3.89 51.1 98.1 75.2 4
23 1.0 8.0 295 7.70 77.2 97.4 73.8 4
24 1.0 4.0 155 5.61 39.5 96.4 74.5 2
25 1.0 6.0 240 3.65 49.6 98.5 79.3 2
f  =  filtration rate; Alum dose ~  dose in mg/L as A l for coagulant-dosed series A.
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Turbidity. Turbidity reduction efficiencies for Runs no. 10 to 25 are summarised in Table 6.6. 
The chemically-enhanced rims (Al dose between 2 and 8 mg/L) had reduction efficiencies in the 
range of 93 to 99.5 %, which were higher than the contiol series (range: 51 to 79 %). In general, 
as the Runs progressed higher turbidities and filtration rates were tested. These increases were 
accompanied by higher aluminium sulfate doses. At the filtration rate of 0.5 m^/m^h, the 
increased Al dosage was still able to reduce the effluent tui'bidity and thereby increase the pre- 
filtiation efficiency. However, the increase in filtiation rate caused the effluent quality to 
deteriorate paiticulai'ly in the control series B.
Results are in broad agreement with other experiences of chemically-enhanced pre-filtration 
studies. Ingallinella et al. (1998) tested a similai’ process also in a thiee-stage pilot UGFS (0.3 < /  
< 0.5 m^/m^h), but dosing aluminium sulfate at 35 to 60 mg/L as alum before the second filter. 
Tuibidities ranging from 347 to 895 NTU were reduced to 0.8 to 9.1 NTU (published values may 
have been subject to typographical errors); yielding maximum and minimum pre-filtration 
reduction efficiencies of 98.9 to 99.6 %. In a full-scale UGFS system they reported an average 
reduction of 1000 down to 3 NTU over a 6 month monitoring period. Mwiinga et al. (2004) have 
recently reported on their experiences witli a chemically-enhanced pilot-UGFL at filtration rates 
of 0.5 and 0.9 m^/m^h. The average coagulated pre-filtiation run effluents vaiied between 3.30 to 
10.8 NTU fi-om kaolin-dosed raw waters with run mean range of 53.7 to 94.4 NTU; calculated 
reduction efficiencies were between 83.5 to 95.7 %.
The performance of the chemically-enhanced series A system was influenced by the filtiation 
rate and aluminium sulfate dose. Higher filtiation rates caused a decline in effluent quality, 
despite increased alum doses. The doses determined by the conventional jai-test (CJT) were 
typically less than or equal to those determined by the modified jar-test (MJT) (Appendix B). 
With regai'ds to jar-testing, the general trend was of increasing doses for increasing turbidities 
(Figuie 6.16). For tuibidities less than 100 NTU the doses indicated by CJT vaiied between 2 
and 4 mg/L as Al {i.e. doses resulting in minimum residual tui'bidity after settling during 
conventional jai'-test); MJT indicated doses between 4 and 6 mg/L as Al {i.e. doses resulting in 
minimum residual turbidity after filtration duiing modified jar-test). At higher turbidities jai-tests 
pointed to minimum residual tuibidities duiing dosage testing at doses varying between 4 and 6 
mg/L. The results fi-om Ingallinella et al. (1998) indicated that the conventional jar-testing 
overestimated the required dose. Therefore, according to Ingallinella et al. (1998) it would seem 
that the modified jai-test, in which a filtration step was incorporated, would overestimate the
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optimum dose by a further amount. Verification of the adequateness of either jar-testing 
procedure would only be verified by tests on the experimental rig. It is worth noting that all 
doses resulted in pre-treated effluents with less than 10 NTU. Results on the evaluation of the 
two jar-testing procedures in relation to the multi-stage performance are presented next, i.e. 
whether or not under- or overestimation was occurring.
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Turbidity (NTU)
Figure 6.16. Jar-test (conventional and modified) doses at various turbidities.
During Run no. 17 the Al dose was deliberately chosen (2 mg/L) to be less than that indicated by 
the conventional jar-test (4 mg/L) to test the hypothesis that CJT would overestimate the 
required dose. An increase in the turbidity was included in this run to allow the filters’ response 
to be determined. The previous two Runs in which Al was dosed (Runs no. 14 and 16) at 4 mg/L 
indicated what performance could be expected (98.5 and 99.0 % reduction of turbidity, 
respectively), although bearing in mind that during Run no. 15 the medium of the first filter was 
changed from 40 mm to 20 mm graded gravel. By decreasing the alum dose to 2 mg/L the 
effluent turbidity of the chemically-enhanced pre-filter series increased from 1 to 2 NTU (in 
Runs no. 14 and 16) to 5 to 6 NTU (Figure 6.17). The deterioration in effluent quality continued 
up to a recorded value of 10 NTU after a subsequent increase of kaolin loading to evaluate 
changes to the underdosed system. Even at a higher raw water turbidity the increase of 
aluminium sulfate dose to 4 mg/L improved the series A effluent to 1.80 NTU. However, such 
improvement could have been partially due to the conditioning of the three-stage series with
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removed matter in the previous days. Therefore it was apparent that the conventional jar-test did 
not overestimate the required aluminium sulfate dose. That is, the conventional jar-test improved 
performance in relation to a lower dose tested. However, this did not necessarily indicate that 
this improved performance was the best performance the pilot system could achieve.
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Figure 6.17. Impact o f  increased raw water turbidity and Al dose (2 to 4 mg/L) on Run no. 17 daily turbidity 
averages o f  the chemically-enhanced pre-filter series.
Run no. 18 was carried out in order to verify, at a relatively constant raw water turbidity, if the 
dose indicated by the modified jar-test could improve on the conventional jar-test dose 
performance. The increase of Al dose from 4 mg/L (CJT dose) to 6 mg/L (MJT dose) further 
decreased the turbidity by almost 50 % (Figure 6.18). Again this improvement could, in part, 
have been influenced by the conditioning/ripening of the filters with previously retained floe. 
However, the results from Run no. 19 (Table 6.6) indicated that at a similar raw water turbidity 
and Al dose of 6 mg/L the effluent quality would not differ much from that of Run no. 18b. 
Therefore, the chemically-enhanced series performed better with the doses derived from the 
modified jar-test than the conventional jar-test for the filtration rate of 0.5 m^/m^h; this was also 
the case at a lower turbidity level of around 30 NTU (Runs no. 10 to 12). This meant that the 
MJT resulted in an improved pilot-system performance in relation to its performance when run 
with a dose determined by the CJT. Yet, it was still possible that the performance of the pilot- 
system pre-treatment could be further improved by an increase of the dose in relation the dose 
indicated by the MJT.
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Figure 6.18. Impact o f  increased Al dose (4 to 6 mg/L) on Run no. 18 daily turbidity averages o f  the chemically-
enhanced pre-filter series.
During the pre-filtration runs at a loading rate of 1.0 m^/m^h doses were initially determined by 
the MJT (6 mg/L for Runs no. 20 and 21). However, the dose was increased to 8 mg/L to test 
whether the MJT could be underestimating the required dose. The following two runs showed no 
noticeable improvement (Run no. 22). However, with a higher filtration rate and turbidities 
challenging the system, better overall water quality could be achieved at the lower filtration rate 
of 0.5 m^/m^h. The consequences of the worsened effluent quality (despite a high efficiency) are 
addressed with the slow sand filter performance data (see 6.3.2 Slow sand filtration).
PSD. During Runs no. 10 to 25 particle size distributions were less frequently monitored, as had 
been done intensively during the first set of runs and because more emphasis was given to the 
monitoring of other parameters that required a labour-intensive analysis {e.g. Al). Similar general 
trends in terms of PSD were also observed during these runs: greater filtration efficiency (1) for 
bigger particle sizes; decreasing X with increasing filtration rates; and higher filtration 
efficiencies with smaller gravel gradings. Figure 6.19 illustrates the greater efficiency of the 
chemically-enhanced gravel pre-filter series in removing particulates. Series A achieved absolute 
particle concentration reductions ranging from 74 to 95 % whilst series B managed reductions 
ranging 27 to 44 %.
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Figure 6.19. Absolute particle concentration reductions in pre-filter series A (alum-dosed) and B (undosed
control).
The absolute particle concentrations correlated well with the associated turbidity measurements 
(Figure 6.20). However for turbidity reduction efficiencies (range: 96.3 to 99.6 %) were higher 
than for the respective absolute particle concentration reductions (range: 70.6 to 79.2 %).
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Figure 6.20. Correlation between turbidity and absolute particle concentrations.
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Results from the sequential filtration tests (SFT) were disappointing. The tests were difficult to 
reproduce and it was found tliat depending on the filter used a considerable amount of 
paiticulates gieater than the nominal retention size would still pass the filter (Zipperlen, 2004). 
Furthermore, membrane filters were somewhat expensive to obtain and the cheaper paper filters 
washed out solids that contributed to the tui'bidity readings. The need to pre-wash the filters or to 
dilute samples with high-puiity particle-free water fuither made the SFT impractical as a field 
technique. In light of the experience with this suspension characterisation technique, the 
hypothetical particle size distiibution of Wegelin (1996) derived from the SFT and shown in 
Figure 6.4 does not appeal' to offer a reliable or reproducible method. This was particularly 
disappointing as it is proposed as a tested and proven method in a frequently cited design 
manual.
UVA-254. The average run levels of UVA-254 and respective reductions are summarised in 
Table 6.7. Similar to the previous runs, the reductions of the chemically-enhanced series A 
(range: 31 to 58 %) were greater than those of the control series B (range: 4 to 25 %) for raw 
waters with UVA-254 vai-ying between 0.071 and 0.149 cm '\ In general, for comparable UVA- 
254 levels, higher alum doses resulted in higher reduction efficiencies. Typically, most of the 
removal of dissolved organics occurred in the first gravel filters (approximately 90 %) in series 
A and did not seem to be affected by an increase in filtration rate. This would be expected as the 
association of organic matter and Al is rapid and can be complete within 1 second (Semmens and 
Field, 1980; Edzwald, 1986). The rest of the removal within the filter series was likely due to 
further coagulation with remaining Al species.
Table 6.7. UVA-254 levels and reduction efficiencies (run averages).
Run Alum UV A-254 (cm ') Reduction efficiencies (%)
no. (m /m h) dose Raw water Series A Series B Series A Series B
12 0.5 2 .0 0.089 0.061 0.086 31 4
13 0 .5 4 .0 0.088 0.042 0.066 52 25
14 0 .5 4 .0 0.130 0.054 0.114 58 13
16 0.5 4 .0 0.084 0.042 0.069 50 18
17a 0.5 2 .0 0.077 0.047 0.101 39 11
18a 0.5 4 .0 0.073 0.041 NM 44 N M
18b 0.5 6 .0 0.071 0.032 NM 55 N M
21 1.0 6 .0 0.149 0.063 0.131 58 12
2 2 1.0 8 .0 0.114 0.048 0.103 58 10
23 1.0 8 .0 0.081 0.034 0.070 58 13
2 4 1.0 4 .0 0.112 0.065 NM 4 2 N M
25 1.0 6 .0 0.073 0.035 NM 52 N M
/  =  filtration rate; A ltm  dose -  dose in mg/L as Al for Al-dosed series A; ISIM =  not measured.
Despite having lower removal efficiencies in the control series B, around 60 % of total removal 
achieved in this series occurred in the first unit. Collins et al. (1994) reported reductions in
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UVA-254 of roughly less than 10 %. Gal vis (1999) monitored the removal of dissolved organics 
in multi-stage filtration and reported reductions of trire colour- ranged between 28 and 68 %. It 
was hypothesised that these higher removal efficiencies were due to better environmental 
conditions that contributed to a greater biological activity in the gravel filters. However, 
attributing higher postulated biological activities to environmental factors alone does not take 
into consideration the different nature that organic substances that make up colour- can have; as 
verified by Collins and Eighmy (1988), different organic fractions can be more or less prone to 
biological degradation in slow sand filters.
UVA-254 is a surrogate measurement of the aggregate dissolved organics (e.g. lignin, tannin, 
humic substances, and various aromatic compounds) that present an absorption peak at 253.7 nm 
wavelength (Eaton, 1995); this parameter can be closely correlated to natural colour- of organic 
origin. The fractionation of such dissolved organic compounds into labile and refractory portions 
could perhaps give further insight as to what factors can contribute to a higher or lower 
biologically assisted removal in gravel filters. Lower apparent molecular weight organic 
fractions are thought to be more readily available for biodégradation (Collins et al., 1994) in 
slow sand filters; whilst large hydrophobic/liurnic organic molecules ar e predominantly removed 
by adsorption. This may explain the decreasing orgairic removal (simulated with humic acid) 
with time observed by Ahsan (1995), i.e. exhaustion of adsorption sites in the gravel bed. Studies 
utilising kaolin as surr ogate turbidity must also take into consideration that part of the observed 
removal may be due to the adsorption of the organics onto the clay par ticles.
Faecal coliforms. During the second pre-treatment test period the geometric mean of the raw 
water faecal coliform concentrations was 1036 cfu/100 mL (range: 510 to 3836 cfu/100 mL). 
The alum dosing considerably enlianced the protective barr ier of the pre-treatment stage with 
regar ds to faecal pollution. Log reductions of FC levels (Figur e 6.21) in the chemically-enhanced 
pre-filter series ranged from 0.55 to 2.05. The mean (based on geometric mean values) was 1.60; 
resulting in chemically-enhanced pre-filtration effluents averaging 26 cfu/100 mL (range: 5 to 
173 cfir/lOO mL). The control series averaged FC log reductions of 0.51, ranging fiom 0.10 to 
0.91; having effluents that averaged 321 cfir/100 mL (range: 132 to 1240 cfu/100 mL).
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Figure 6.21. Comparison o f  faecal coliform log reductions in pre-filtration series.
The pattern of reductions of FC in the chemically-enhanced series A was closely related to the 
effective reduction in turbidity. In the runs where the alum dosing was not very efficient, the FC 
reductions were also low (Runs no. 12, 15 and 17a). Hence, the optimisation of alum dose for 
turbidity reductions should also optimise faecal coliform removal.
140
♦ 2.0 m g/L  
A 6.0 m g/L
• 4.0 m g/L
•  8.0 m g/L120
100
6.90 7.00 7.10 7.20 7 3 0 7.40 7.50 7.60 7.70 7.80
pH
Figures 6.22. Dissolved Al residuals o f  filter 3A at various pH values.
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Aluminium residuals. During these runs the analytical technique used to determine Al residuals 
(Van Benschoten and Edzwald, 1990) was different to that used in the first nine runs (APHA et 
al., 1995). The change was mainly due to the amount of samples to be analysed and the time 
necessary to pre-treat each for interference elimination. Mainly total (particulate + dissolved) and 
dissolved Al fractions were analysed. Further fractionation using a strongly acidic cationic 
exchange column was carried out occasionally; these results are presented and discussed together 
with the slow sand filter data (see 6.3.2 Slow sand filtration).
Dissolved Al (A Id )  in the chemically-enhanced series (3A effluent) ranged between 11 and 125 
pg/L. In general, this fraction of the Al residual decreased with decreasing pH (Figure 6.22). The 
minimum solubility of Al occurs between the pH of 6.2 and 6.5 (US EPA, 1999). Noting that as 
there were no pH adjustment facilities, selected doses were limited to those that would result in a 
pH of 7.0 or above. The lower AId residuals (and pH values) were partially associated with the 
higher aluminium sulfate doses applied (Figure 6.23). This is in accord with the data from Kang 
et al. (2003) in which minimum A Id  residuals occurred at pH between 6 and 7 with decreasing 
minimum values associated to higher alum dosages.
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Figures 6.23. Dissolved Al residuals o f  filter 3A at various alum doses.
Temperature could also have affected the solubility of Al; however, such an effect would only be 
evident if the similar dosing conditions had been followed throughout the trials. The solubility of 
Al increases with temperature. The higher alum doses with their lower dissolved Al residuals
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were recorded later in the testing period (October and November) when the water temperature 
was also lower (9.3 to 13.4 °C) as opposed to the other warmer months in which lower doses 
were tested (13.2 to 23.2 °C).
Typically, the AId residuals decreased throughout the pre-filter series, with the exception of 
when the aluminium sulfate dosing was discontinued. Figure 6.24 illustrates the A Id  residual 
profiles through the pre-filters at selected dates representative of profiles obtained at different Al 
doses. The diminishing A Id  concentrations also help explain the continuous removal of dissolved 
substances (i.e. UVA-254) through the filter series. The decreasing A Id  through the filters also 
implies the continuation of chemical reactions such as adsorption and precipitation of the soluble 
Al fraction (Berube, 2004). Hence, the high residual Al from the lower dosing (2 and 4 mg/L) 
runs may suggest an inefficiency in coagulation, despite being the best dose indicated by jar-tests 
and for which a high turbidity reduction efficiency was obtained with lower doses when 
compared to the control series B.
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Figure 6.24. Selected representative dissolved Al profiles through pre-filters.
Figure 6.24 also illustrates that even when no alum dosing was practiced, Al was redissolving 
and increasing the residual through the series. This type of measurement was done on other 
occasions and despite cleaning the filters after alum-dosed runs, AId residuals of up to 72 pg/L 
were recorded. AId in the control series B was infrequently sampled (n = 4) and averaged 9 pg/L.
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The chemically-enhanced pre-filtration in essence constitutes a contact filtration system, i.e. 
coagulant addition + rapid mixing + filtration (with no slow mixing step -  see 2.3 Chemically- 
enhanced gravel (contact) filtration). Hence it could be argued that the high AId residuals (of 
the low alum doses) were due to a low hydraulic gradient {i.e. slow mixing) within the gravel 
bed that caused inefficient coagulation, rather than an inadequate choice of dose.
Two jar-tests (with no pH adjustment) were conducted to verify the influence of the slow mixing 
on the AId residual (Figure 6.25 and 6.26). In one test the slow mixing rpm was halved and in the 
second jar-test the slow mixing was eliminated. In general, for two similar samples, the alteration 
of the slow mixing caused a only slight increase in the AId residual. More noticeable was the 
decrease of dissolved Al with the increasing doses. Unfortunately, turbidity measurements were 
not taken with these jar-tests. However at comparable water characteristics, other jar-tests 
(conventional and modified) indicated that the highest turbidity reductions took place at 2 to 4 
mg/L. This could explain why, with no pH adjustment, the AId residuals were higher at lower 
doses despite the dose indicated by jar-testing and efficient particle removal observed in the pre- 
filtration runs.
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Figure 6.25. Influence o f  slow mixing on dissolved Al residuals (immediately after slow mixing).
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Figure 6.26 Influence o f  slow mixing on dissolved Al residuals (immediately after slow  mixing).
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Figures 6.27. Reductions o f  particulate Al through series at different alum doses and operating conditions.
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Figures 6.28. Correlation between turbidities and particulate Al.
Particulate Al (Alp) residuals also decreased throughout the pre-filter series A (Figure 6.27). 
However, levels of Alp were strongly linearly correlated (R  ^ = 0.83; y = 39.0x + 126.6) with 
filter effluent tui'bidity (Figuie 6.28); which in turn was dependent on influent turbidity and 
coagulant efficiency (see Turbidity results). The value is similar to those reported by Van 
Benschoten and Edzwald (1990) (R  ^= 0.86; y = 578x -  63.6) and Berube (2004) (R  ^= 0.75; y = 
275x -  8.1). Yet, the tui'bidity had an Alp content much lower (39.0 pg/L/NTU) than those of 
other studies: 578 (Van Benschoten and Edzwald, 1990); 255 (Koether et a/., 1997); and 275 
pg/L/NTU (Bémbé, 2004). However, a value of 6 pg/L/NTU was found by Wang and Cui 
(2004) as the Al content of the post-precipitation tui'bidity. Noting that the first three studies with 
high turbidity Al content considered Al? residuals in rapid sand filtiation systems; the difference 
in treatment processes and influent turbidity ranges could perhaps account for the different Al 
content of the tuibidity-causing particles in this study and that of Wang and Cui (2004).
The Al determination method as described by Van Benschoten and Edzwald (1990) yielded 
better results than the Eriochrome Cyanine-R Method of the Standard Methods (APHA et al., 
1995) as it was subject to less interference. Moreover, this alternative technique allowed the 
processing of more samples in a shorter time. Once familial' with the methodology it was 
possible to analyse up to 28 samples in two houis (not including the fiactionation step). Such a 
number of samples would take over 12 hours with the Erioclirome Cyanine-R Method!
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Headloss. Headloss was not detected in any of the filters of series B. On the coagulated series A 
none of the filters reached the maximum 150 mm headloss. The highest recorded headlosses for 
the first (20 mm gravel mainly), second (20 mm gravel), and third filters (10 mm gravel) during 
these runs were of 3, 12, and 14 mm, respectively. Such relatively small headlosses have also 
been reported elsewhere in chemically-enhanced up-flow gravel filtration (Carvalho et al., 
2001).
Plate 6.6(a and b). Floe depositon and evidence o f  possible wormholes in filters 3 A (a -  left) and 1A (b -  right).
From the headloss readings it was apparent that the most of the headloss developed in the first 
half of the filters. Hence, a confirmation that the bulk of the removed matter is accumulated in 
the lower portions of the gravel pre-filters, as occurs with conventional gravel filtration in up- 
flow mode. Upon visual inspection of the filters’ supernatants during the runs it was possible to 
observe that floe also accumulated on the top surface of the gravel (Plates 6.6a and 6.6b). As the 
run progressed the accumulated particulates formed mounds (as observed in the preliminary 
laboratory experiments). These mounds could be best described as “small volcanoes” having a 
hole down the middle; possibly being an evidence of preferential tubular passages or
“wormholes” (Baumann and Ives, 1991 -  cited by Ahsan, 1995).
Zeta potential. Electrophoretic mobility (EM -  proportional to the zeta potential) was used as a 
measure of the particle charge. The negative charge of the clay particles approached zero with 
increasing aluminium sulfate doses (Figure 6.29). Maximum particle destabilisation occurred 
within the first alum-dosed pre-filtration units. The EM in the control series remained almost 
unaltered. The raw water turbidities recorded during the EM measurements relative to Figure 
6.29 for the runs with Al doses of 0, 4, 6, and 8 mg/L were of 222, 155, 226 and 220 NTU,
respectively. Recorded pH values for each filter are indicated on Figure 6.29.
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Figure 6.29. Electrophoretic mobility throughout pre-filters at different alum doses.
Based on Figme 2.18 and Table 2.10 (see 2.3.4 Process mechanisms), the EM measurements of 
Figure 6.29 would indicate that the coagulation mechanism at the different doses tested would be 
of sweep coagulation, possibly falling in to the “optimal” sweep zone. However, it must be 
acknowledged that the coagulation diagram in Figure 2.18 was developed for waters of high 
turbidity {i.e. 200 NTU), but using only tap water and kaolin. Therefore, it is possible that the 
coagulation mechanism in the chemically-enhanced pre-filters may differ somewhat. 
Verification of the actual coagulation mechanisms would require the development of a 
coagulation diagram with similar conditions as the waters tested in this study.
Filter cleaning. The cleaning of gravel filters is seen as a critical issue to the long-term 
efficiency of the pre-filtration and effectiveness of the pre-tieatment. In the eai'ly trials it was 
observed that simple hydraulic diaining of the filters was insufficient to completely clean the 
filters. As such, each gravel unit was hosed down fiom the top after its first draindown. During 
the amendment to the cleaning procedure, it was observed that a considerable amount of solids 
were still coming out of tlie chain. The hosing down continued until the drain effluent seemed to 
be as clear as the raw water. During hydraulic flushing, a putrescent odoui- was noted fiom the 
chainage of both filter series; indicating biological degradation within the pre-filters.
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Plate 6.7(a to f). Draindown sequence o f  alum-dosed filter showing the unstable floe deposits quickly receding.
Plate 6.8(a to f). Draindown sequence o f  undosed control filter showing the stable mineral kaolin deposits.
No quantitative evaluation of cleaning efficiency was made to compare this aspect of the alum- 
dosed filters to that of the control filters; however, during the draining of the filters, it was 
visually observed that retained matter (floes) on the gravel surface of the alum-dosed filters was 
more easily displaced. The settled floe in the alum-dosed filters formed an unstable deposit that 
was quickly displaced downwards once the draining water level receded to below the gravel bed 
(Plates 6.7a to 6.7f). This displacement did not occur in the control filters (Plates 6.8a to 6.8f), as 
also observed by Ahsan (1995) and Mwiinga et al. (2004).
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6.3.2 Slow sand filtration
Slow sand filtration columns were incorporated to the experimental system on Run no. 12 to 
assess the effectiveness of the pre-treatment. Two slow sand filter i*uns were carried out; the first 
(SSF-1) and second (SSF-2) runs were under the pre-treatment regimes of Rims no. 12 to 19 (f= 
0.5 m^Wh) and 20 to 25 (/'= 1.0 m^/m^h), respectively. Both SSF rims were conducted at a 
filtration rate (/) of 0.15 m^/m^h.
Turbidity and particle counts. Performance data relative to turbidity for the slow sand filtr ation 
runs are summarised in Table 6.8. The slow sand filter tmbidity reduction efficiencies were to a 
certain extent dependent on the pre-treatment regime. In both SSF rims the chemically-enhanced 
pre-filtration series A was highly efficient in reducing turbidities: 97.6 and 97.5 % for SSF Runs 
no. 1 and 2, respectively. These efficiencies reduced the loading on the slow sand filters, 
reducing as well their relatively low turbidity reduction efficiencies.
SSF Series Pre-filter effluent SSF effluent Reduction efficiency (%)Run no. [min.; max.] [min.; max.] SSF Pre-filters Series total
1 A 3.04 [1.09; 10.5] 0.61 [0.42; 0.95] 80.1 97.6 99.5B 28.5 [2.48; 79.8] 0.85 [0.32; 1.25] 97.0 77.1 99.3
A 4.89 [2.74; 13.7] 0.57 [0.26; 0.99] 88.4 97.5 99.7
B 50.7 [3.44; 88.6] 6.84 [1.28; 45.0] 56.5 73.9 96.5
Note: values are SSF run averages.
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Figure 6.30. Turbidity profiles during SSF Run no. I (SSF =  slow sand filter; PF =  pre-filter at/ =  0.5 m^/m^h).
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Slow sand filter A (SSF-A) and B (SSF-B) effluents had comparable average tui’bidities. The 
mean value for SSF-B was slightly higher, as in the first 25 days of the Run no. 1 it presented 
higher turbidities (Figure 6.30); after which the tmtidities were very similar. Noting that during 
the first 25 days the effluent of SSF-B was susceptible to changes in the influent turbidity, hi 
Figme 6.30 and 6.31 the regions where the dashed lines (pre-filter effluents) aie similai* 
coiTespond to the days in which no alum dosing was done.
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Figure 6.31. Turbidity profiles during SSF Run no. 2 (SSF =  slow sand filter; PF =  pre-filter a t / =  1.0 m^/m^h).
During SSF Run no. 2, SSF-A yielded a mean tuibidity slightly lower than observed in Run no. 1 
despite being subject to a higher turbidity loading. Yet, during Run no. 2 the SSF-B effluent was 
considerably higher than that of the chemically pre-treated slow sand filter. This could be 
explained by die same phenomenon observed in SSF-B in Run no. 1; i.e., during SSF Run no. 2 
data was collected until the 28^ day. It is likely that by this time SSF-B still had not ripened 
sufficiently and was hence susceptible to valuations in incoming turbidities (Figure 6.31). Yet, in 
the second SSF run, influent turbidities were higher (average = 50.7 NTU) because raw water 
turbidities in the system (operating at a higher filtiation rate) were higher (average = 194 NTU) 
when compared to SSF Run no. 1 (average = 124 NTU). If SSF Run no. 2 had been continued it 
is speculated that SSF-B would have ripened and been less susceptible to variations in incoming 
turbidity.
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Figures 6.32. Average absolute particle concentrations throughout Series A (chemically-enhanced) and Series B
(undosed control) during SSF Run no. 1.
Although particle size analyses were conducted with a limited frequency, the absolute particle 
concentrations demonstrate the removal efficiency of each treatment stage (Figures 6.32 and 
6.33). The particle count profiles illustrate the higher burden taken by the control series B slow 
sand filters in order to achieve similar overall particle removal efficiencies, due to the less 
efficient pre-treatment of series B.
Table 6.9. SSF runs 1 and 2 UVA-254 (cm ') performance data summary (series: A -  dosed; B = control).
SSF 
Run no. Series
Pre-filter effluent 
fmin.; max.]
SSF effluent 
[min.; max.]
Reduction efficiency (%)
SSF Pre-filters Series total
1 AB
0.046 [0.031; 0.063] 
0.091 [0.066; 0.131]
0.044 [0.030; 0.061] 
0.080 [0.054; 0.126]
4.9
12.7
47.2 49.8 
8.6 20.2
2 AB
0.048 [0.030; 0.065] 
0.102 [0.070; 0.131]
0.047 [0.030; 0.063] 
0.100 [0.068; 0.127]
3.5
2.3
57.7 59.2
10.8 12.9
Note: values are SSF run averages.
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Figures 6.33. Average absolute particle concentrations throughout Series A (chemically-enhanced) and Series B
(undosed control) during Run no. 2.
UVA-254. Performance data relative to UVA-254 reductions are summarised in Table 6.9. The 
overall removal of dissolved organics was higher in the chemically-enhanced series. The UVA- 
254 reduction efficiencies for the control slow sand filters varied considerably between the first 
and second SSF runs. This variation could be explained by slightly lower water temperatures 
(13.1 compared to 18.2 °C) or due to seasonal changes in the dissolved nutrients (and possibly 
the composition of the organics). These factors, which could alter the microbial community, 
were suggested by Woudneh et al. (1996) to explain the seasonal changes in the efficiency of 
pesticide biodégradation by slow sand filters in an earlier study at the same site. The slow sand 
filters from series A received considerably lower concentrations of organics and hence presented 
a lower reduction efficiency.
Further evidence and a secondary advantage of the removal of organics in the chemically- 
enhanced pre-filtration series were observed in the reduction of the chlorine demand when 
compared to the control series. Figures 6.34 and 6.35 detail the results from two free chlorine 
demand tests. The chlorine demand of the chemically-enhanced series did not alter much despite 
a considerable increase in the raw water UVA-254 levels and was lower than the demand of the 
control series. The chlorine dose necessary to achieve a 0.5 mg/L free chlorine residual is 
indicated by the arrows, noting that the fi-ee residual leaving a treatment plant should be higher. 
These simple tests challange the assertions of Ochieng et al. (2004), who stated that conventional
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multi-stage filtration would reduce the finished water chlorine demand more than a coagulant- 
based (alum) treatment system, based on bacterial concentrations and not organics removal.
1.2
SSF A  effluent SSF B effluent
D ate: 18/08/2004
R aw  w ater U V A -254 : 0.066 cm-1 
SSF-A  U V A -254 : 0 .035 cm -1
SSF-B  U V A -254 : 0 .062 cm-10.8 -
0.6
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1.8
Figure 6.34. Influence o f  dissolved organics on free chlorine demand o f  the slow sand filter effluents (test I).
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Figure 6.35. Influence o f  dissolved organics on free chlorine demand o f  the slow sand filter effluents (test 2).
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Figure 6.36. Faecal coiiform profiles during SSF Run no. 1 (SSF =  slow sand filter; PF =  pre-filter a t /  =  0.5 mVm^h).
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Figure 6.37. Faecal coiiform profiles during SSF Run no. 2 (SSF =  slow sand filter; PF =  pre-filter a t /=  0.1 mVm^h).
Faecal coliforms. Performance data relative to FC removal are presented in Figures 6.36 and 
6.37 and in Table 6.10. The chemically-enhanced slow sand filters (SSF-A) produced effluents 
with a lower faecal coiiform concentiation in comparison to the contiol filters due to the higher 
removal that occuiTed duiing the pre-treatment stage. The higher FC removals in the pre­
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filtration of Series A (A1 dose range: 2.0 to 6.0 mg/L as Al) were followed by a lower removal 
efficiency for the slow sand filters. Despite similar raw water FC levels and higher filtration rate 
of the pre-filtration (/"= 1.0 m^/m^h), the removal in Series A was higher during the second SSF 
run period; this could due to the higher alum doses (4 to 8 mg/L as Al) applied in this period.
SSF 
Run no. Series
Pre-filter effluent 
[min.; max.]
SSF effluent 
[min.; max.] SSF
Log removal 
Pre-filters Series total
] A 71 [3; 270] 9 [< 1 ; 6 1 ] 0.88 1.29 2.17B 411 [124;2775] 41 [4; 212] 1.00 0.52 1.52
2 A 17 [4; 33] 5 [2 ; 11] 0.54 1.79 2.33B 326 [140;497] 73 [21; 262] 0.65 0.51 1.16
Note: values are SSF run averages.
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Figure 6.38. Average faecal coiiform profiles through each treatment stage o f  Series A (chemically-enhanced) and
Series B (undosed control) during SSF Run no. 1.
Figures 6.38 and 6.39 illustrate the enhanced protection of the slow sand filters to faecal coiiform 
levels resulting from the alum dosing. In fact, SSF-A had effluents of 1 or < 1 cfu/100 mL on 
towards the end of SSF Run no. 1. The general trend of all SSF units was of progressively lower 
FC levels as the filter ripened with time. In a fijll-scale system, Ingallinella et al. (1998) reported 
a FC log removal of 2.01 in an alum-dosed two-stage up-flow filtration system, but no results as 
far as the improvements on the slow sand filter were presented.
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Figure 6.39. Average faecal coiiform profiles through each treatment stage o f  Series A (chemically-enhanced) and
Series B (undosed control) during SSF Run no. 2.
Headloss. Slow sand filter runs were limited by headless development. In this case, as the SSF 
columns were inlet controlled the maximum headloss was determined by the height of the 
supernatant {i.e. 600 mm). In both runs the alum-dosed SSF-A reached terminal headloss before 
the control filters; the first run was terminated on day 46 and the second lasted only 23 days. 
During the first run the undosed control filter SSF-B reached its maximum headloss on day 53 
and the second run was terminated on day 28 (headloss = 134 mm) without having reached the 
maximum allowable headloss.
The longer SSF runs in undosed control Series B occurred despite the fact that these filters 
received an influent turbidity one order of magnitude greater than the alum-dosed Series A 
(Table 6.8). Noting that the mean influent turbidities to the alum-dosed Series A were below the 
rule-of-thumb “acceptable” value of 10 NTU. Hence, although the pre-treatment Series A was 
more efficient, it did not prove to be more effective.
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Figure 6.40. Headloss development and SSF influent turbidity profiles for SSF-A during Run no. 1.
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Figure 6.41. Headloss development and SSF influent turbidity profiles for B  during Run no. 1.
Increments in headloss in slow sand filter A were most evident in periods following increases in 
the influent turbidity (Figure 6.40). Tills was less apparent in the control SSF-B, as headloss 
development seemed to follow the typical development profile of slow sand filters (Figure 6.41). 
Although not depicted, the shorter SSF Run no. 2 exhibited similar profiles in relation to 
headloss and pre-treatment effluent tuibidities for each filter. It is also worth noticing that both
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slow sand filters reached similar terminal headloss levels, but the range of influent turbidities for 
the alum-dosed SSF-A was much lower than for the undosed control SSF-B.
Piezometric taps on the SSF columns were located every 100 mm down the sand bed. Headloss 
development of both SSF-A and -B were at most 6 mm on the bottom 200 mm of the filter bed 
(on both runs). Most of the headloss occurred on the top 100 mm, as occurs typically in slow 
sand filters (Huisman and Wood, 1974).
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Figure 6.42. Relationship between slow sand filter influent turbidities and headloss development (daily) for SSF-
A and -B .
The relationship between the slow sand filter influent turbidity and the daily headloss increase 
showed two distinct patterns for each Series (Figure 6.42). The turbidity-causing particulates of 
SSF-A, over a narrower range, had a greater potential to develop headloss than did those 
turbidity-causing particulates of SSF-B. Typically, in slow sand filtration the daily headloss 
development increases as the run progresses. The rate of increase in headloss can reflect the 
trends in turbidity levels. Due to the scatter in the data, a linear correlation between the two 
variables in Figure 6.42 {i.e. influent turbidity and daily headloss development) did not result in 
very strong positive correlation with values of 0.40 and 0.26 for SSF-A and -B, respectively.
It is also worth noting in Figure 6.42 that the headloss development was sometimes negative. 
Typically, this occurred at turbidities of 2 NTU or lower. The turbidity and average absolute
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pai'ticle concentrations (Table 6.8 and Figures 6.32 and 6.33) indicated that the slow sand filters 
of Series A received smaller and lower particulate loading than that of Series B. It was therefore 
hypothesised that the impact {Le. positive and negative headloss development) of SSF-A’s 
influent tui*bidity was due to the nature of the particulates and that most likely this was due to an 
Al hydroxide precipitate; later confiimed by Al residual analyses (see Impact o f aluminium 
residuals results). Hence the instances in which a negative headloss development occiu'red were 
a result of the dissolution of accumulated Al-hydioxide precipitates. The mechanism of 
dissolution is thought to be pH-related and is discussed under the heading Impact o f aluminium 
residuals. The negative headloss development observed for SSF-B data set is not thought to be 
related to any type of dissolution, as the accumulated par ticulates were mainly kaolin. Instances 
of negative headloss development in SSF that are unlikely due to any type of deposit dissolution 
can be seen in several other pilot- and full-scale SSF studies (Leland and Logsdon, 1991; Luxton 
and Graham, 1998; Mauclaire et ah, 2004). The negative headloss observed in Figure 6.42 for 
SSF-B is thought to be an outlier and does not anyhow follow the general trend of tlie data. It 
must be borne in mind that the data sets were collected over the SSF it u is  and do not represent 
the response of headloss development to var ied turbidities under clean bed conditions.
It was speculated that tlie reason for the obser'ved phenomenon in Figure 6.42 is related to factors 
such as particulate characteristics (e.g. size, degree of destabilisation, mechanical properties) and 
design and operational conditions of slow sand filters (e.g. media size and filtration rate). These 
factors are discussed and examined in relation to the relevant literature in grater detail in the last 
chapter (see 8.1 General discussion).
It is also clear from Figure 6.42 that the potential exists for a rapid headloss development (up to 
162 mm/day) if a chemically-enhanced pre-treatment target of less than 10 NTU is adopted, as 
was the criterion of Mwiinga et al (2004). However, that study did not report on the duration of 
the filtration runs in relation to headloss development and how it compared with the control slow 
sand filter. Carvalho et al. (2001) also tested chemically-enhanced UGFL as pre-treatment for 
slow sand filtration. However, the SSF headloss data presented could not be interpreted, as the 
details of the operational conditions of the experimental system were unclear*. The investigation 
of Ingallinella et al. (1998) also did not present any data related to the downstream slow sand 
filters. Ahsan (1995) stipulated a pre-treatment target of 3 NTU, but did not incorporate a slow 
sand filter in the experimental setup.
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According to the data of Figure 6.42, the average positive increase rate of headloss for turbidities 
of less than 2 NTU was of 7 mm/day (range: 2 to 13 mm/day). This average would be negative if 
the < 0 daily headloss increments were considered. The average positive headloss increment 
rises to 27 mm/day (range: 2 to 131 mm/day) for turbidities of less than 3 NTU. It is apparent, at 
least for the conditions tested in this study, that even a chemically-enhanced pre-treatment target 
of 3 NTU as proposed by Ahsan (1995) could be unsuitable for slow sand filtration. Therefore, a 
maximum of 2 NTU would be a safer target.
Impact o f aluminium residuals. Depending on its turbidity, the effluent of chemically-enhanced 
pre-treatment had a greater “blocking” potential than clay particles on their own (pre-filtration 
Series B effluent); despite PSD analysis revealing a lower absolute particle concentration and 
mean size. This was due to the nature of the turbidity, which contained significant amounts of Al 
hydroxide precipitates.
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Figure 6.43. Correlations between particulate Al and pre-filter 3A effluent and raw water turbidities.
Figure 6.43 illustrates that the effluent from pre-filter 3A (alum-dosed series) had a similar 
particulate Al (Alp) content compared to the raw water in a much narrower turbidity range -  
approximately 1 to 7 NTU (3A effluent) compared to about 7 to 350 NTU (raw water). The Alp 
in the raw water was mainly due to the Al content of the kaolin clay (Speswhite) that was added.
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The existence of kaolin-derived Alp in the ravy water was confinned by analysing the relationship 
between the tmbidity of deionised water spiked with kaolin (Speswhite) at several concentrations 
(5, 10, 50 and 100 mg/L) and measming the resulting Al? concentration (Figure 6.44). The Alp of 
the kaolin-dosed raw waters used in the filtration runs was higher than the kaolin-spiked 
deionised water. The Alp of the kaolin-dosed raw waters data points of Figure 6.43 within the 
same turbidity range as the those obseiwed when adding kaolin to deionised water showed 
(Figme 6.44) that differences between the two cmwes could be due to other Al-bearing 
particulates present in the River Tillingbomne that contributed to the detected turbidities.
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s  K aolin  dosed raw  w ater (R. T illingbourne)
120
y = 1.3845x + 20.5042 Q= 0.831580
-s
H 40 y = 0.7204X - 0.6903 
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Figure 6.44. Relationship between paiticulate Al and kaolin-dosed (Speswhite) raw water o f  experimental 
system (up to 70 NTU) and kaolin-spiked deionised water turbidities.
Therefore, it is safe to conclude that the Alp from the pre-filter 3A was mainly due to Al 
hydroxide precipitates as opposed to the Alp of the added kaolin or in the River Tillingbourne 
water. Fmfhermore, this confirms that the higher (slow sand filter) headloss development 
potential of the pre-filter 3 A tmbidity due to its Al hydi oxide precipitate content.
Headloss data revealed that most of the headloss occurred within the top 100 mm of the sand 
bed. However, the piezometiic taps were located every 100 mm and did not permit a more 
precise plotting of the headloss profile. Based on the Al accumulation profile through the slow 
sand filter (Figme 6.45), it is possible to infer that in fact the majority of the headloss occmred at 
the smface of the sand bed.
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Figure 6.45. Al accumulation profile in slow sand filters from Series A.
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Figure 6.46. Increased dissolved Al residuals due to the dissolution o f  Al hydroxide precipitates accumulated in
SSF-A.
Analysis of the SSF-A effluent for AId revealed the fate of part of the (particulate) Al hydroxide 
accumulated in the filter. On two occasions (20/Sept/2004 and 8/Nov/2004), in which the 
aluminium sulfate dosing was not being carried out (weekend), the SSF-A effluent was analysed 
and the AId concentration was greater than the influent (Figure 6.46). This suggests the
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dissolution of the accumulated Al hydr oxide precipitates. Over the weekend period, without the 
alum dosing, the pH of the water would rise back to its slightly alkaline values (about 8.0 to 8.5); 
thus increasing the solubility of Al as seen in Figure 6.46. The day after alum dosing resumed, 
pH levels dropped to near neutral values and with this the solubility of Al; explaining the drop in 
the A Id residual.
AId residual levels of SSF-A averaged 32 pg/L (range: 3 to 87 pg/L). Alp levels had a mean of 7 
pg/L (range: 0 to 24 pg/L) and the resultant total Al (Aly) residual was on average 38 pg/L 
(range: 10 to 89 pg/L). The AIt residuals were below the WHO (1998) guideline level of 200 
pg/L. It is worth remembering that this guideline level is aesthetically-based with no established 
causal link to any adverse health effects; despite some authors’ gross misinteipretations as 
pointed out recently by Dorea (2005a).
The A Id content of the control filter SSF-B was not routinely monitored (n = 2) and averaged 3 
pg/L. Particulate and A It concentrations were 9 and 12 pg/L, respectively. Hence the slow 
dissolution of Al hydroxide precipitates in SSF-A considerably increased Al levels in finished 
waters, but are not considered to be of concern from a health perspective. Al residuals in finished 
waters can increase turbidity (Hoff, 1977) and vsdth it decrease the disinfection efficiency 
(Costello, 1984) and possibly reduce the hydraulic capacity in the distribution mains due to Al 
scaling in the pipes (Hudson, 1966; Costello, 1984; Fitch and McCollum, 1986). Yet, at the 
concentrations found in this study the Al is not considered to be a concern as fai’ as an increase in 
turbidity and its implications on disinfection.
Al spéciation throughout chemically-enhanced MSF series. So fai' the Al residuals were only 
considered in basic fractions: soluble and paiticulate. Further ftactionation of the dissolved Al 
residual could give insight to the potential impact of Al on the functional ecology of the slow 
sand filter. Inorganic Al is thought to be the more bioavailable and potentially toxic ftaction to 
aquatic organisms (see 3.5 Toxicity and bioavailability).
The underlying principle of the cation exchange column procedm e is that the organically-bound 
Al is non-ionic or anionic and therefore should not be retained in the column (Van Benschoten 
and Edzwald, 1990). The dissolved organic carbon of the influent to the column should be equal 
to the dissolved organic caibon in its effluent, as the ion exchange column should not remove 
any dissolved organic carbon. An indicator of the extent to which organic carbon is retained or
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not in the column is that there should be no discernable difference in a UVA scan of the column 
influent and effluent (Driscoll, 1984).
Figure 6.47 illustrates spectral scans of samples from two locations in the experimental rig. The 
discrepancy in the lower wavelengths of the raw water sample could not be explained and 
leaching from the column cannot be disregarded; such a curve is similar* to those reported by 
Driscoll (1984). According to Srirrivasan et al. (1998), a typical absorbance scan should be a 
featureless curve with increasing absorbance at lower wavelengths; any sharp peaks or 
irTegularities in the scan could suggest inorganic interferences or unexpected organic 
contaminants (such as leaching of organic carbon). This suggests that the discrepancies may not 
be due to leaching fr om the column.
1.4
Untreated sample
Cation exchange processed sample
0.8
Slow sand Alter effluent< 0.4 -
Raw water0.2
0.0
260240 280 300 320220 340 360
Wavelength (nm)
Figure 6.47. Ultraviolet wavelength scan o f  samples from pilot-plant.
Another indicator of disruption of organically-bound Al through the column is if the sample 
suffers a significant change in pH through the column (Van Benschoten and Edzwald, 1990; 
Driscoll, 1984). In this study the pH of samples before and after passing through the cation 
exchange column were slightly lowered. However, the drop was not deemed to be significant 
based on values reported by Van Benschoten and Edzwald (1990); in which an original pH of 7 
dropped to about 6 and was considered to not have greatly affected the organically-bound Al 
fraction. Therefore, the organically-bound Al measur ed in this study is not thought to have been 
greatly altered by the cation exchange analytical procedur e.
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Al residual fractionation through the ion exchange column was carried out in 8 different dates. 
From the average raw water spéciation in Figure 6.48, the greater part (93 %) of the total Al 
(A It) consisted of particulate Al (Alp); this latter fraction was well correlated with the kaolin 
turbidities used. The mean dissolved fraction (A Id)  of the raw water Al residuals were relatively 
low (18 pg/L) and divided equally between inorganic (Al|) and organically-bound (A Iq ) Al. The 
inorganically-bound Al consisted mainly of monomeric species (A I i-m). Low concentrations of 
organically-bound monomeric Al (A Iq-m ) could be explained by the low concentrations of 
organics in the water (UVA-254 average = 0.095 cm''), as reported by Driscoll and Letterman 
(1995) -  UVA-254 averages for three sites ranged from 0.06 to 0.14 cm"'.
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Figure 6.48. Average raw water fractionation (n = 8 for all fractions except for the monomeric fractions where n
= 7).
Table 6.11. Average Al fraction concentrations obtained from raw water and filter effluents.
Dissolved Al 
fractions RW
Sampling point (Al concentration in pg/L) 
lA  2A 3A SSFA
AIt 240 1040 643 167(9) 41
Alp 224 973 589 127(6) 8
AId 18 68 54 40 (3) 33
*A1m 10 61 44 31 30
Al, 9 59 48 30 22
*A1,_m 8 58 42 28 27
AIq 9 9 7 10 11
*A1q-m 2 3 2 2 3
Note: n = 8, except those marked * where n = 7; values in brackets indicate average Al fractions from 
pre-filter 3B effluent for the purpose o f  comparison (n = 2).
Average Al concentrations for the different fractions measured at each sampling point are 
summarised in Table 6.11. In general the concentrations of each fraction decreased through each
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filtration stage; the exception being the total organically-bound Al (A Iq ), which slightly 
increased. The general trend of dissolved Al residuals was seen to be influenced by the applied 
aluminium sulfate dose (Figure 6.23). The dissolved fraction increased in comparison to the raw 
water due to the use of the Al-based coagulant; the AId consisted mainly of inorganically-bound 
Al. All, A I m , and A I j.m were present in similar concentrations. It is likely that most of the 
monomeric dissolved Al is of inorganic origin. However, the very low concentrations of A Iq-m 
were below the method detection limit. Therefore, as AIi-m was not measured directly {i.e. 
calculated) it could be overestimated due to the low values of the A Iq-m - Such overestimation of 
inorganic Al has been previously acknowledged by Driscoll and Schecher (1988) due to the high 
resin affinity for Al.
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Figure 6.49. Fractionation o f  pre-filter 3A effluent (SSF-A influent).
From Figure 6.49 it is apparent that most of the dissolved Al residual from the pre-filtration 
effluent {i.e. slow sand filter influent) was of inorganic nature (Ali). This fraction was on average 
73 % of the total dissolved Al (A I d). Lower A Id concentrations resulted in lower Al|, however no 
correlation was possible. The relationship between these two fractions is dependent on the 
presence of various ligands, including the hydroxyl ion, F, sulfate and the fimctional groups of 
DOC that compete for the Al cation (Van Benschoten and Edzwald, 1990).
For most fractionation test samples, the Al| fraction consisted mainly of inorganically-bound 
monomeric Al species (A I i.m ). The recorded concentrations of A I i-m ranged between 0 to 76
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pg/L. The AIi-m is considered to be the potentially more bioavailable Al species to aquatic life 
(Florence and Batley, 1980; Srinivasan and Viraraghavan 2002) and hence could possibly have a 
toxic effect. By reducing the total dissolved Al residuals the inorganically-bound monomeric 
species should also be reduced; this is possibly the only mitigation to prevent a potential effect 
on the biological treatment offered by the slow sand filter.
It must be borne in mind that most of the literature on the impact of Al on aquatic life considers 
higher life forms and the potential impact of dissolved Al species on them. The functional 
ecology of the slow sand filter also includes micro- and macro-organisms that feed on particles. 
These organisms contribute to the biological purification offered by the slow sand filter and 
could be affected by the ingestion of particulate Al. Hence, as a precautionary measure, the Al 
residuals should be kept to a minimum, both particulate and dissolved. The data from this study 
suggests that the negative impact of headloss development due to particulate Al could perhaps 
outweigh the significance of this Al fraction in relation to the biological purification 
mechanisms.
Dissolved oxygen. Both filter series were monitored for dissolved oxygen. However, DO 
consumption was very low and sometimes negative (Table 6.12). If this had occurred only in the 
alum-dosed series it could be hypothesised that this was due to a toxic effect on the organisms 
inliabiting the MSF series. Yet, DO profiles were similar for both alum-dosed and control 
(undosed) series. The low dissolved oxygen consumption {i.e. respiration) observed could not be 
explained. It is acknowledged that in the supernatant of each filter the effluent of the pre-filters 
and influent of the slow sand filters had the opportunity to re-aerate to a certain degree.
Table 6 .12. Average dissolved oxygen concentrations and temperatures from raw water and filter effluents.
SSF 
Run no. Series Parameter RW PF-1
Sampling point 
PF-2 PF-3 SSF
1
A  (alum-dosed)
B (undosed control)
DO (mg/L) 
Temperature (°C) 
DO (mg/L) 
Temperature (°C)
9.00 
18.2
9.00 
18.2
9.12
17.5
8.99
17.4
9.09
17.1
8.82
17.0
8.90
16.9 
8.65
16.9
8.38
17.9
8.55
17.1
2
A  (alum-dosed)
B (undosed control)
DO (mg/L) 
Temperature (°C) 
DO (mg/L) 
Temperature (°C)
9.94
13.1
9.94
13.1
10.07
11.9
9.86
11.5
10.07
11.4
9.77
11.0
10.03
11.1
9.79
10.6
10.05
10.5
10.36
10.7
The negative consumption is thought to have occuned due to a change in temperatur e throughout 
the series. During the warmer first SSF rim temperatures decreased throughout the pre-filter 
series effluents, increasing in the slow sand filter effluent. In retrospect, it is thought that this is 
explained by the fact that the slow sand filter effluents were collected by black flexible hoses
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that were exposed to daylight; increasing the temperatm e of the water and consequently lowering 
the dissolved oxygen concentration.
During the second run the water temperatme was colder and it decreased throughout all the 
filters in the series (pre-filters and slow sand filters). Since between each filter the effluent had 
an opportunity to re-aerate to some extent, the effect of decreasing temperatmes on the DO 
levels was more evident, explaining the higher levels in the effluent of the slow sand filters in 
comparison to the levels in the effluent of the pre-filtration stage.
It must be noticed that even if a significantly lower DO consumption did in fact occm* in the 
chemically pre-treated slow sand filter it could be a result of the different characteristics of the 
SSF influents. That is, the influents to the slow sand filters could have different levels of 
substances which are substrates for aerobic organisms due to their chemical removal by 
aluminium sulfate. To overcome this doubt, the slow sand filter column experiments with 
simulated Al residuals (see 7 IMPACT OF AL ON SLOW SAND FILTRATION 
TREATMENT) were devised.
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7 IMPACT OF AL ON SLOW SAND FILTRATION TREATMENT
7.1 Objective
The objective of the SSF column trials was to study the impact of simulated aluminium residuals 
on treatment performance and biological activity of the slow sand filters. Also, 24-hour 
respiration tests were conducted to verify the effect of Al on aerobic organisms present in pond 
water.
7.2 Materials and methods
7.2.1 Experimental setup
Experimental work was conducted at the microbiological laboratory of the Centre for 
Environmental Health Engineering (CEHE) from February to July 2004. The source water 
utilised for the lab-scale slow sand filter columns was from Terry’s Pond at the UniS campus. 
This experimental rig (Figure 7.1 and Plate 7.1) was setup so as to allow a comparison of an 
aluminium-dosed slow sand filter and a non-dosed control.
Peristaltic pump
£ \
Al solution
Slow sand
filter
columns
Outlet /
sampling
point
T  T
Constant
head/flow
tank
Overflow
return
Pond water 
tank
Submersible 
fountain 
f)pum p
Figure 7.1. Schematic diagram o f  experimental setup for SSF 
column trials.
Plate 7.1. SSF column trials at UniS.
Collected pond water was stored in two plastic tanks with total capacity of approximately 170 L 
(110 + 60 L). The laboratory space allocated for this experiment did not allow for a single bigger
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taille. A small submersible fountain pump (Clarke International, UK) was incoiporated to the 
experimental system during the third run to hinder the settling of raw water particulates in the 
larger tank of 110 L. From this 110 L tank the water was pumped via a submersible pond pump 
(Clarke International, UK) to a 4 L constant head tank with an overflow back to the raw water 
tank. This constant head tanlc was equipped with two constant flow devices that fed water the 
columns. One of the slow sand filters (Filter A) received a dose of aluminium simulating residual 
levels recorded during chemically-enhanced multi-stage filtiation trials (autumn 2003). The other 
slow sand filter (Filter B) sei*ved as a control. Settled sewage from the percolating filters of the 
Guildford Sewage Treatment Works (RWE Thames Water) was sometimes added to the raw 
water tank. This procedure was started on the 4*'’ run in order to increase the FC concentration of 
the pond water as the FC counts of the pond water were very low.
These devices are similar in principle to a constant head chlorine doser (WRC, 1989) made with 
3 mm polypropylene T-shape connectors (Kartell) and 4 mm silicon tubing (Appendix F). The 
connectors were placed in the water as an upside-down “T”. A silicon tube was attached to the 
vertical opening of the comiector to serve as an air bleed. A 0.5 mm diameter silicon tube was 
used as an orifice by fitting it into a small lengtli of tubing connected to one of the horizontal 
openings. The depth of the orifice, and hence flow, was adjusted by increasing/decreasing the 
position of the float on the air bleed tube. This flow control arrangement for pilot/lab studies was 
simpler to construct and calibrate than the splitter box described in Leland and Logsdon (1991).
Two influent flow-controlled slow sand filters were constmcted with 200 mm PVC-U 
(Polyvinylchloride-Unplasticised) pipe (Capper Plastics -  Horsham, UK) having 193 mm 
internal diameter. Columns were assembled using a series of flanges and gaskets (Fig 7.2) that 
were bolted together. All parts are 200 mm nominal diameter and in PVC-U (except for the 
rubber gaskets). Each column allowed for a maximum media depth of 350 mm and a supernatant 
of 900 mm. Piezometric taps were located at the supematant/sand interface and every 100 mm 
down the sand bed. These consisted of 6-9 mm polyethylene tubing disconnector (Kartell) halves 
fitted into holes drilled in the column wall. A lid made from a 4 mm thick plastic sheet wiapped 
with black plastic bin liners was used to cover the columns and prevent the penetration on light.
From the outlet at the base of the columns, black rubber tubing was used to discharge the 
effluent to a sampling tray at a level above the sand bed. This ensured that the sand bed would 
not go dry in the event of an interruption of the flow. Slightly bent glass tubes were fitted to the 
end of the rubber tubing so that sampling ports sterilised by flaming.
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The sand utilised was obtained from the Kempton Water Treatment Works (Thames Water 
Utilities) and is the same media used in their slow sand filters. The medium was obtained from 
Ashford Common Water Treatment WTW (RWE Thames Water) had an effective size of 0.3 
mm, unifoiinity coefficient of 1.8, and porosity of 37 %. This sand conformed to the design 
criteria in Table 2.1 (see 2.1.2 Design characteristics of slow sand filters). The sand bed was 
supported by a 50 mm layer of support gravel obtained from the same site. Sand bed depths 
tested were initially of 300 mm. Later filtration runs utilised only 100 mm of sand, as objective 
was to evaluate if Al had any effect on the mechanisms responsible for particle removal in a 
similar approach to that adopted by Weber-Shirk and Dick (1997a and b). A media layer of 300 
mm would be more adequate for treatability studies. A shorter sand bed depth (i.e. 100 mm) was 
justified as it would be more representative of the layer where most particle removal occurs and 
deeper beds could mask possible effects of the dosed Al.
In order to simulate treatment residuals, aluminium was added as aluminium nitrate (Spectrosol- 
BDH, UK) so that it could at least be assumed that upon addition the aluminium would be in a 
more reactive (more bioavailable) as studied by Gardner and Comber (2003). Al was dosed to 
one of the columns by a peristaltic pump (Watson Marlow, UK) fitted with silicon tubing (0.5 
mm diameter) into the vertical section of an inverted 6 mm polypropylene T-shape connector 
(Kartell). This connector was fed from the constant flow devices having its effluent (dosed raw 
water) flowing into the SSF column’s supernatant.
Such an experimental setup would allow the detection any difference in treatment performance 
with regards to basic parameters such as turbidity reduction and faecal coiiform removal. The 
differences between the filter units were assessed using a two-tailed paired t-test (1 % 
significance level) on the daily averages. These parameters are influenced by both physico­
chemical and biological mechanisms in SSF (see 2.1 Slow Sand Filtration (SSF)). Fmthermore, 
biological oxidation that occurs in the slow sand filter is due to aerobic microorganisms; a drop 
in dissolved oxygen through the filter would be indicative of the occuiTence of the process. 
Similar experimental approaches to study the physico-chemical and biological mechanisms in 
slow sand filters and toxic effects of metals on biochemical processes have been used by others 
(Sugiura, 1996; Weber-Shirk and Dick, 1997a and b; Mermillod-Blondin et al.  ^2005).
A modified 24-hour respiration test was also performed to verify the impact of Al and pH on the 
biochemical oxidation of the pond water. BOD bottles were spiked with Al in the form of 
aluminium nitrate. Such an approach to assess the impact of Al on natural purification processes
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has been previously adopted by Sheets (1957) and Mittal and Ratra (2000). However, these 
studies did not assess whether the drop in dissolved oxygen levels, indicating biochemical 
oxidation, was due to the metal itself or the drop in pH (as a result of the Al dosing). Therefore 
samples were also incubated at different pHs (“pH controls” -  adjusted with nitric acid) to verify 
the influence of this parameter on biochemical oxidation.
7.2.2 Operational conditions and system calibration
As the turbidity levels of the pond water were greater than the recommended limit of 10 NTU 
(see 2.1.5 Slow sand filtration efficiencies and limitations) for direct slow sand filtration, it 
was mixed with enough tap water to yield a final turbidity between 5 and 15 NTU. Typically, 
one part of pond water was diluted with one to two paris of tap water depending on the source 
turbidity. Water was collected twice a day, once in the morning (around 7:30) and once in the 
evening (around 18:30), and stored in two plastic tanks with total capacity of approximately 170 
L. Tap water was frequently tested for free chlorine residuals and no colour development was 
found to occur using the DPD method.
The duration of a run lasted 15 to 30 days, depending on the experiment. The duration of the 
filtration runs was considered to be the time between the first and last sample taken. However, 
the filters were left to run (at the filtration rate chosen for that run) overnight before the first 
sample was taken. This was done primarily to fill the units and stabilise the filtration rates. Yet, 
it was possible that during this period some media conditioning (i.e. filter ripening) had occmred.
Flow rates were determined by measuring how long it took to fill a selected volume in a 
graduated cylinder. It was found that flow rate calculations were inconsistent when it took less 
than 20 seconds to measiue a particular flow. Hence a criterion was adopted to select volumes 
that would take at least 20 seconds to be filled at the given flow rate. Filtration rates tested were 
then calculated by dividing the flow rate by the cross-sectional area of the filter (0.029 m^).
7.2.3 Plan of experiments
The slow sand filtiation runs, their operational conditions, and pertinent obsei’vations are 
summarised in Table 7.1. In addition to the filtration runs, 24-hour respiration tests were 
perfonned to assess the impact of Al on biochemical oxidation processes as a respirometric 
study.
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Table 7.1. Summary o f experimental conditions o f slow saiid filtration column trials.
Run no. Period Filtration rate (nP/m^h) Bed depth (mm) Observation
1 05/02/04 to 
04/03/04
0.150 300 Preliminary testing o f  experimental system and short­
term low Al dosing (50 pg/L). Al as aluminium nitrate.
2 05/03/04 to 
17/03/04
0.150 300 Continuation o f  run after scrapping and replacement 
o f  sand (no Al dosing).
3 16/04/04 to 
04/05/04
0.150 300 Al dosing (50 to 200 pg/L). Al as aluminium nitrate. 
New sand used.
4 26/05/04 to 
11/06/04
0.075 100 Al as aluminium nitrate. N ew  sand used.
5 16/06/04 to 
25/06/04
0.150 100 Al as aluminium nitrate. N ew  sand used.
6 07/07/04 to 
21/07/04
0.075 100 Al as aluminium nitrate. N ew sand used.
7.2.4 Analytical methods
Turbidity, theimotolerant faecal coliforms (FC), pH, dissolved oxygen (DO), temperature, and 
ultraviolet absorption at 254 nm wavelength (UVA-254) were determined as described in the 
previous chapter (see 6 PILOT-SCALE EVALUATION OF CHEMICALLY-ENHANCED 
MSF). Turbidity, pH, DO, and temperatme were determined at least four times daily. All other 
parameters were measuied mostly once a day. Daily headloss readings were taken by measuring 
the water level in each piezometer to the nearest millimetre, utilised the piezometer located at the 
supernatant level as a datum. Zeta potential readings were initially taken to verify that the 
addition of the A1 would not alter the particulate charge and thereby possibly affecting their 
removal by filtration.
The effect of A1 on aerobic biodégradation processes (similar to SSF) was done in a modified 
BOD test, here termed as the 24-hour respiration test. The test was based on the 5-day BOD test 
specified by APHA et al. (1995) with some modifications: shorter incubation time (24-hours); no 
use of dilution water; and at room temperature. A sample of pond water was spiked with 
different quantities of Al. The DO of the 250 mL BOD bottles was measured before and after 
their 24 horn* incubation period. Bottles for each Al dose were incubated in a covered (to avoid 
light penetration) water bath at room temperature. Due to the drop in pH with higher doses of Al, 
pH correction was also carried out on samples to verify the influence of pH rather than the metal 
on the 24 hour respiration tests.
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7.3 Results and analysis
7.3.1 Slow sand filtration column trials
Daily averages and statistical analyses of the slow sand filtration runs are presented in Appendix 
F. The filtration rates, pH (except Runs no. 2 and 6), and temperatme results from all runs 
suggest that differences between both filters were not significant and that the filters were subject 
to similar conditions.
100 o Filter A ■ Filter B A Raw water AI doSÎQ£ 
at 50 
m icro-^/L
Run no. 2 
after filter  
scraping; no 
^  A l dosing
ê
8 12 16 20 24 28 32 36
Run time (d)
Figure 7.2. Runs no. 1 and 2 turbidity profiles ( f =  0.150 m /m h; d =  300 mm)
During SSF Rim no. 1 the difference between the two filter units was not statistically significant 
in terms of turbidity (Figure 7.2), dissolved oxygen (Figure 7.3), and other parameters (Table
7.2). It was discovered that the dissolved oxygen probe membrane was faulty and was replaced 
on the 5*'' day of the run. This did not compromise the statistical significance of the DO data. 
Dming the period in which Al was dosed (day 24 to 28), differences were also found to be 
insignificant. Run no. 1 was earned out until the ultimate headloss {i.e. > 600 mm) was reached. 
Both filters had the first 50 mm of sand scraped off and resmned working (SSF Run no. 2).
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Figure 7.3. Runs no. 1 and 2 dissolved oxygen profiles (/'= 0.150 m vnrh7d =  300 mm)
Turbidity
(NTU)
Dissolved
oxygen
Faecal coliforms 
(cfu/lOOmL)
UVA-254
(cm'')
Fllter A mean (n) 
Filter B mean (n)
0.42 (29) 
0.39 (29)
5.38 (29) 
5.28 (29)
29 (28) 
3 1(2 8 )
0.057 (22) 
0.056 (22)
Significant difference? 
(a  =  0.01) N o No No No
p-value 0.023 0.029 0.343 0.100
* Two-tailed paired t-test (I % significance level).
Table 7.3. Run no. 2 comparison* summaiy for (bio)treatment performance parameters.
Turbidity
(NTU)
Dissolved
oxygen
Faecal coliforms 
(cfli/lOOmL)
U VA-254
(cm'')
Filter A mean (n) 
Filter B mean (n)
0.54 (5) 
0.44 (5)
4.38 (5) 
4 .1 4 (5 )
5 (3 )
3 (3 )
Not
monitored
Significant difference? 
(a  = 0.01) No Yes No —
p-value 0.190 0.005 0.423 —
* Two-tailed paired t-test (1 % significance level).
Dming SSF Run no. 2 differences in performance were also not statistically significant (Table
7.3), except for dissolved oxygen and pH measurements. However, there was no procedure to 
guarantee that the filter scraping would be identical in both units and therefore it was not 
possible to ensm-e that it would not affect the results. As such, SSF Run no. 2 was teiminated 
after 5 days and all other filtration rmis utilised clean sand.
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Figure 7.5. Run no. 3 dissolved oxygen profile ( f =  0.150 mVm^h; d = 300 mm).
The (bio)treatment performance parameters {i.e. turbidity, dissolved oxygen, faecal coliforms, 
and UVA-254) were found not to differ significantly between the Al-dosed and the control slow 
sand filter (Table 7.4) during Run no. 3. Al was dosed for 12 days (Figures 7.4 and 7.5) 
continuously at increasing concentrations of 50, 100, and 200 pg/L (four- days at each
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concentration). Dming the period of Al dosing, the difference between the filters was also not 
significant (a  = 0.01).
Table 7.4. Run no. 3 comparison* summary for (bio)treatment performance paiameters.
Turbidity
(NTU)
Dissolved
oxygen
Faecal coliforms 
(cfii/lOOmL)
UVA-254
(cm'*)
Filter A mean (n) 
Filter B mean (n)
0.92 (19) 
0.93 (19)
5 .18 (19)
5 .17 (19)
1(18)
1(18)
0.051 (12) 
0.052 (12)
Significant difference? 
(a  = 0.01) No No No No
p-value 0.732 0.818 0.478 0.438
* Two-tailed paired t-test (1 % significance level).
Table 7.5. Run no. 4 comparison* summary for (bio)treatment performance parameters.
Turbidity
(NTU)
Dissolved
oxygen
Faecal coliforms 
(cfu/lOOmL)
UVA-254
(cm ')
Filter A  mean (n) 
Filter B mean (n)
1.27(17)
1.19(17)
5.32 (17) 
5.31 (17)
< 1(16) 
< 1(16)
0.067 (5) 
0.068 (5)
Significant difference? 
(a  =  0.01) No No No No
p-value 0.175 0.795 0.352 0.178
* Two-tailed paired t-test (1 % significance level).
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Figure 7.6. Run no. 4 turbidity profile ( /=  0.075 m /m h; d =  100 mm).
Run no. 4 was earned out with a 100 mm sand bed depth and at half the filtration rate (f=  0.075 
m^/m^h) as the previous rmi. Al dosing regimes were similar to Run no. 3 (Figmes 7.5 and 7.7). 
Differences between Al-dosed and control filters were not significant dming the whole run
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(Table 7.5) or dui'ing the Al-dosing period. This run at a shorter bed depth demonstrated a larger 
difference in turbidity in comparison to the previous run (Table 7.4), indicating a greater 
sensitivity of this parameter to the bed depth.
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Figure 7.7. Run no. 4 dissolved oxygen profile (/"= 0.075 m /m h; d =  100 mm).
Run no. 5 was of a relatively short dmation {i.e. 8 days) in comparison to other runs, as it was 
tenninated due to excessive headloss {i.e. > 600 mm) development. This was atypical of the 
previous runs and could not be explained. Al dosing was started foui' days into the mn and lasted 
four* days ending with the run. Differences were not statistically significant (Table 7.6).
Turbidity
(NTU)
Dissolved
oxygen
Faecal coliforms 
(cfu/lOOmL)
UVA-254
(cm'*)
Filter A mean (n) 1.72 (9) 5.75 (9) 11(8) Not
Filter B mean (n) 1 .75(9) 5.70 (9) 9 (8 ) monitored
Significant difference? 
(a  =  0.01) No No No
p-value 0.239 0.276 0.347 —
* Two-tailed paired t-test (1 % significance level).
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Figure 7.8. Run no. 6 turbidity profile (f=  0.075 m /m h; d = 100 mm)
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Figure 7.9. Run no. 6 dissolved oxygen profile ( f= 0.075 m /m b; d =  100 mm).
During the last run (no. 6) the filtration rate was once again reduced and the average Al dose 
concentration was higher (Figures 7.8 and 7.9): 100 pg/L (for foui* days) and 200 pg/L (for 8 
days). The lower filtration rates would allow a higher exposure time to the Al. Differences 
between the filters were not significant (Table 7.7), apart from the pH, considering data from the
162
entire run or solely from the dosing period only. pH was found to be statistically significantly 
different (p-value = 0.009 -  Table F.4) between both filters averaging 7.7 (alum dosed filter) and 
7.8 (control filter). However, the drop in pH (nor the dosed Al) did not affect the treatment 
performance parameters {i.e. turbidity, dissolved oxygen, and faecal coliforms).
Turbidity
(NTU)
Dissolved
oxygen
Faecal coliforms 
(cfu/lOOmL)
UVA-254 
(c m ')
Filter A mean (n) 0 .8 2 (15) 5 .04(15) 4 (1 4 ) Not
Filter B mean (n) 0 .79 (15) 5 .08(15) 2 (1 4 ) monitored
Significant difference? 
(a  = 0.01) No No No. —
p-value 0.019 0.484 0.066 —
* Two-tailed paired t-test (1 % significance level).
7.3.2 24-hour respiration tests
The first 24-hour respiration tests were conducted over a range of Al doses (0 to 1000 pg/L) and 
their pH controls. Figure 7.10 illustrates a slight decrease in the respiration {i.e. initial dissolved 
oxygen -  final dissolved oxygen levels) in both Al-dosed bottles and the equivalent pH-controls. 
It was only possible to incubate 20 bottles (maximum) at a time; as such it was only possible to 
process duplicates. Due to the small number of replicates (n = 2) it was not possible to verify if 
the variations were statistically significant.
4.0
A l-d osed □  p H -con tro l
2.9 2.9a  3.0 2.8
IK’
2.4
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A l d ose (m icro-g /L )
Figure 7.10. Total respiration (initial DO -  final DO; DO = dissolved oxygen) in 24-hour BOD tests with Al- 
dosed bottles and equivalent pH controls (n = 2).
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Table 7.8. Summary o f  results for 24-hour respiration tests at several Al doses and their controls.
Series Mean respiration (m gff.o fD O ) [SD] n
ANOVA: 
Reject Ho ? Between
t-test comparison 
Significant difference ? p-value
A
Control 
(0 pg/L o f  Al)
Al-dosed 
(250 pg/)
3.90 [0.08] 
3.87 [0.04]
6
6
No, no difference 
between samples.
• F = 0.483
• Fcnt = 6.359
Control / 
Al-dosed
Control / 
pH-control
No
No
0.568
0.410
pH-control 
(pH 8.01) 3.86 [0.05] 6
• p-value = 0.626 Al-dosed / 
pH-control No 0.671
Control 
(0 pg/L o f  Al) 4.77 [0.09] 5 Yes, significant difference between
Control / 
Al-dosed Yes 2.7E-05
B Al-dosed 
(500 pg/) 4.38 [0.06] 5
samples.
• F = 21.558
Control / 
pH-control Yes 0.002
pH-control 
(pH 7.55) 4.44 [0.14] 5
• Fen, =  6.927
•  p-value = l.lE -04 Al-dosed / pH-control No 0.408
Control 
(0 pg/L o f  Al) 4.61 [0.09] 5 Yes, significant difference between
Control / 
Al-dosed Yes 3.5E-06
C Al-dosed
(1000 pg/) 4.04 [0.07] 5
samples.
• F = 32.668
Control / 
pH-control Yes 0.0099
pH-control 
(pH 7.20) 4.35 [0.15] 5
.  Ferit = 6.927 
• p-value = 1 4E-05 Al-dosed / pH-control Yes 0.003
Control 
(0 pg/L o f  Al) 4.10 [0.03] 6 Yes, significant difference between
Control / 
Al-dosed Yes 3.7E-13
D Al-dosed
(2000 pg/) 2.66 [0.07] 6
samples.
•  F = 1635.711
Control / 
pH-control Yes 2.5E-12
pH-control 
(pH 6.63) 3.49 [0.02] 6
•  Fen, = 6.359
• p-value = 2.8E-18 Al-dosed / pH-control Yes 4.6E-11
Obs.: DO = dissolved oxygen; SD = standard deviation; n = number o f  replicates; Ho = null hypothesis {i.e. no significant 
difference in terms o f  mean respiration between samples); One-way ANOVA and t-test using a  = 0.01.
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In order to give statistical robustness to the 24-hour respiration tests, the experiments were 
repeated with at least 5 replicates for the control (no Al), Al-dosed bottles, and also for each pH- 
control. Each Al dose series (250, 500, 1000, and 2000 pg/L) had to be tested in different days 
(Figure 7.11). Based on the fact that no noticeable effect on the SSF columns occurred with Al 
doses of up to 200 pg/L, higher Al doses were evaluated in the 24-hour respiration tests to verify 
potential tolerance thresholds (i.e. pH and Al dose) in a fundamental study.
Table 7.8 summarises the experimental results and statistical data analyses from the different 
series. At 250 pg/L, Al had no significant effect on the respiration and neither did the change in 
pH. At all other doses tested (500, 1000, and 2000 pg/L), a significant drop between the 24-hour 
respiration of the control and the Al-dosed pond water was observed. Only at 1000 and 2000 
pg/L was there a difference between the Al-dosed samples and the pH-controls. This would 
signify that the reduction in respiration was due to Al in addition to the effect caused by the drop 
in pH; however, these tests did not take into consideration the changes in spéciation of Al at 
different pH levels.
4.0
OQ
3.0
% 2.0 2 "5.
2
1.0
0.0
pH 7.9 
(drop du 
to Al)
3.48
pH 7.9
Al-dosed □ pH-control 
Initial pH = 8.80
pH 5.4
(adjusted)
1.32 1.51
pH 5.4 
(adjusted)
Al dose of 1000 micro-g/L
Figure 7.12. Effect o f  1000 ^g/L Al dose on 24-hour respiration due to drop in pH (n = 5; ± 1 SD).
The effect of Al on the 24-hour respiration was mainly due to the drop in pH that occurred as a 
result of Al dosing. This was further verified in an experiment where Al was dosed at 1000 pg/L 
at the pH of 7.9 (drop due to Al dosing) and 5.4 (adjusted with nitric acid). Although dosing of 
Al during the pilot MSF work was such that a pH drop below neutral values was not allowed. 24-
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hour respiration tests allowed the verification of potential impacts of pH di'ops that could 
accidentally happen in a MSF plant resorting to chemical pre-treatment. The 24-hour respiration 
was reduced markedly at the lower pH of 5.4 (Figuie 7.12). At both pH levels the differences 
between the Al-dosed respiration mean and the pH-control means were significant to the 1 % 
level, despite their proximity. At the pH of 7.9 and 5.4 the t-test yielded p-values of 0.009 and 
0.007, respectively. With p-values close to 0.01 it could be argued that differences “barely” 
passed the significance testing at the 1 % level.
A fiirther experiment was undertaken to assess the effect of different Al doses without the effect 
of varying pH. Al doses of 250, 500, and 1000 pg/L were applied at an adjusted incubation pH of
7.00 (Figure 7.13). The 24-hour respiration was reduced with increasing concentrations of Al. 
however, there was no statistically significant difference (a = 1 %; p-value = 0.071) between the 
24-hour respiration observed with Al doses of 250 and 500 pg/L. The 24-hour respiration was 
reduced in approximately only 3 % with an Al dose increase from 500 to 1000 pg/L; with such 
difference being statistically significant (a  = 1 %; p-value = 5.0E-05).
5.0
OQ
C«Ho
a3OIk3O
4
4.0
Initial pH = 8.74 
Incubation pH = 7.00
14.35 14.31
14.17
250 500 750 1000 1250
Al dose (micro-g/L)
Figure 7.13. Effect o f  Al on 24-hour respiration at pH 7.00 (n = 6; ±  I SD).
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8 GENERAL DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS
8.1 General discussion
MSF pilot trials. In general, the treatment efficiencies acliieved in the pilot-scale multi-stage 
filtration system were in agreement with other similar studies. Reduction efficiencies for 
tuibidity, paiticle number, UVA-254 absorption, and faecal coliforms levels were all 
significantly higher in the chemically-enhanced series than in the control. The reduction of fi*ee 
chlorine demand and improvement in cleaning of filters by hydraulic flushing were also 
observed to be secondary benefits of the chemically-enhanced pre-treatment. First runs utilising 
40 mm gravel in the lead pre-filters can have suffered fiom some degree of short-circuiting, as 
the media size to column diameter ratio adopted (1:5) was below the recommended value of 
1:10. Baffles were later installed in these filters to minimise any wall-effects and subsequently 
media size in the lead gravel filters were changed to 20 mm graded gravel. Assuming that some 
short-circuiting occurred, better removal efficiencies should expected. In fact, short-circuiting 
was thought to have occuired given the initial Hoc deposition along the walls of the column on 
the gravel bed uppermost surface. Short-circuiting of the gravel bed signifies higher velocities 
along the walls of the column and preferential paths for flow, which would worsen the quality of 
the effluent. As such, if short-circuiting were to be eliminated on the experimental set-up, better 
removal efficiencies on probably all rims should be expected.
However, despite having lower influent turbidity (mostly <10 NTU and < 5 NTU on average) 
and particle counts, the slow sand filters receiving the chemically pre-treated water had shorter 
runs than the control filters. The impact of the particulate Al residual on the headloss 
development of the alum pre-treated slow sand filter demonstmted a reduced effectiveness in 
comparison to the control filters. Other studies on similar pre-filtration processes did not 
incorporate slow sand filters to their experiments (Ahsan, 1995) or only emphasised pre­
treatment efficiencies.
Ingallinella et al. (1991) reported on a chemically-enhanced upflow filter as pre-treatment for a 
small slow sand filter unit supplying 20 families in Argentina. It was observed that a layer of floe 
formed on the slow sand filter surface which could be cleaned by scraping. The frequency in 
which this maintenance procedure had to be undertaken was not mentioned. Riti (1981) 
established a pilot-plant at the Handeni Water Treatment Plant (Tanzania) that chemically pre­
treated (flocculator followed by settling basins) water for full-scale slow sand filters. Data on the
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full-scale filter performance were not presented; however a pilot scale comparison between 
conventional chemical pre-treatment with horizontal gravel pre-filters demonstrated the latter to 
be more effective. Headloss developed (1000 mm) faster on the slow sand filter supplied with 
alum pre-treated raw water, having a 2 day run length, whilst the HGF pre-treated SSF unit’s run 
lasted 7 days. Both runs were relatively short and no turbidity data for the chemically pre-treated 
SSF unit was presented.
Discussion of the phenomenon observed in Figure (6.42), i.e. a higher headloss development rate 
in slow sand filters due to Al hydroxide precipitates, is thought to be related to factors known to 
affect slow sand filter headloss development, the physical and chemical properties of the influent 
particles, and on filtration mechanisms of slow sand filters. According to Cleasby (1991), deep 
bed deposition in slow sand filters of very fine colloidal clays (size range not given) can occur. 
Hence, it is likely that the Al hydroxide precipitates in the SSF-A influent (i.e. effluents from the 
chemically-enhanced pre-filters) were not fine enough to cause significant deep bed deposition 
in the SSF bed. This is also coupled with the low filtration rates of SSF compared to rapid sand 
filtration, in which high filtration rates in tandem with coarser media size favour the deposition 
of particulates across a far deeper depth of bed. According to Figuie 6.42, most deposition of Al 
particles occurred within the top 20 mm of the sand bed. This mode of Al hydroxide precipitate 
was indicative that smTace straining was a filtration transport mechanism with regards its 
removal in the filter. Sedimentation is also thought to play a role, considering the quiescent 
conditions of the slow sand filter supernatant (Huisman and Wood, 1974). However, this does 
not explain why, despite having a lower turbidity and absolute particle concentration, the influent 
of the SSF-A had a higher headloss development rate.
Turbidity of the SSF-B consisted mainly of the kaolin particles that were added to the 
experimental system (Figure 6.42). The deposition mode of these particles also indicated that 
straining and sedimentation were the most likely filtration mechanisms. This is because almost 
all observed headloss occuiTed in the top sand layer and due to the quiescent conditions of the 
supernatant that favoui- sedimentation (Huisman and Wood, 1974). Straining in this case can 
have occurred directly as a result of a particle being larger than the sand bed pores or due to 
secondary straining of previously deposited particles. Improved tuibidity reductions over time 
(Figure 6.30 and 6.31) also indicated that some of the particles were not being retained in the 
filter. That is, lessened turbidity reduction efficiency of clay particles which may signify that 
some deep bed removal occurred, as argued by Cleasby (1991).
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Three major factors are thought to affect slow sand filter cycle length (i.e. headloss 
development), which are the filtration rate, sand size, and suspended solid load (Cleasby, 1991). 
In relation to the experimental multi-stage filtration system the first two factors (i.e. filtration 
rate and media size) were the same and hence were not thought be associated to the cause of the 
obseiwed phenomenon of Figure 6.42. Yet, in both slow sand filters stiaihing was thought to be 
one of the dominant filtration mechanism and is related to sand size and particle size (Huisman 
and Wood, 1974). Anyhow, in terms of suspended solids loading the SSF-A most likely had 
lower loadings, as measured by tm'bidity. In this respect (i.e. physical properties of particulates), 
it is worth noting that in the case of algae-laden waters other water quality measurements are 
needed to complement turbidity readings (Cleasby, 1991); as algae are larger in size and scatter 
less light per unit mass than clay particles. As such, suspended solids correlations and paiticle 
size distributions could have given further insight to the quicker headloss development seen in 
SSF-A. However, during the pilot-system experimental work particle characterisations where 
less frequently canted out in order to concentrate efforts on Al residual characterisation (i.e. 
fractionation). At that stage of the research is was thought that the potential means by which Al 
residuals could affect slow sand filters were related to its potential bioavailability and toxicity to 
the biological activity of the SSF.
With regards to chemical properties of the particulates in the SSF-A influent, very little can be 
related to SSF literature, as influent suspensions are not typically destabilised with coagulants. In 
conventional water treatment systems previously destabilised particles are typically removed by 
sedimentation and rapid sand filtration. As such, literature relevant to conventional water 
treatment systems could offer insight into the observed phenomena. In this respect (i.e. chemical 
characteristic of the particulate Al), from Figure 3.2 it can be seen that Al precipitates may form 
as a result of the aluminium sulfate dosing. These Al precipitates can deposit on the media 
surface as seen in Pathway E, as some Al species (in this case Al precipitates) develop a strong 
affinity for suifaces (Driscoll and Letterman, 1988). This high affinity is sometimes referred to 
the stickiness “or attachment probability” of destabilised particles in filtiation studies (Stumm 
and Morgan, 1996). In such cases, according to Figure 3.2, the affinity of the particulates for 
surfaces would be related to electrostatic attraction, which can be interpreted mainly as a 
mechanism of filtration attachment. According to Weber (1974), a sedimentation basin for 
destabilised particles will produce an effluent which contains less of the original suspended 
solids, but which will contain some of a different kind (i.e. residual floe containing Al hydroxide
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precipitates). This is effectively the chemically-enhanced pre-filter effluent of the experimental 
system. These residual floe can be removed by an adsorption mechanism (Weber, 1974).
The residual floes may have an increased attachment probability (Stumm and Morgan, 1996) and 
as such their removal efficiency in filters is increased (Letterman, 1987). In rapid sand filtration, 
this removal would occur thioughout the depth of the sand bed (i.e. deep bed filtration) because 
of the high filtration rates that force particles fuither down the bed (Weber, 1974). However, in 
the case of slow sand filtration, the loading rates (Table 2.1) are at least ten times lower than in 
rapid sand filtration. As such there could be a high efficiency of particle removal within the top 
of the filter bed, because the lower filtration rates and smaller sand grain size limit the ability of 
the Al hydroxide precipitates to penetrate fuither dovm the bed.
The relationship depicted in Figui'e 2.3 is a two-dimensional oversimplification of the actual 
conditions in a sand bed. It assumes only one layer of spherical and identical collectors. In 
practice sand size is given as an effective size (0.30 mm for the sand in this study) which is an 
indicator of the sand grain size, as sand grains vary in size (and shape). Hence, the actual pore 
size in the filter beds tested is likely to be smaller than 47 pm, as calculated by the relationship in 
Figure 2.3, which would imply that mainly particles of 47 pm or larger would be strained. Yet, 
such particles would most likely be filtered out during the pre-treatment stage. Huisman and 
Wood (1974) consider that particles in suspension can agglomerate and increase their size which 
would favoui' their removal by straining. This could be occurring in the supernatant of the SSF 
where Al hydroxide precipitates that have a high affinity for attachment (Driscoll and Letterman, 
1988) could grow in size and be subsequently removed by straining. Also, in the supernatant Al 
hydi'oxide precipitates could seive as a site for further precipitation of dissolved Al, thereby 
increasing in size. Precipitation of dissolved Al in filters has been observed by Berube and Soucy 
(2004) and in this study. As mentioned, straining could also be occmi'ing on previously 
deposited material that was removed by straining or sedimentation.
It seems that the retention of Al hydroxide precipitates in the SSFA would be caused by straining 
and sedimentation (possibly assisted by electrostatic attraction and adsorption mainly as 
attachment mechanisms) on the sand media and previously retained particles in such a manner as 
to block the filter bed more rapidly than the control filter SSF-B. That is, even at lower 
turbidities than SSF-B, SSF-A influent was capable of closing the interstitial voids on the top of 
the sand bed more efficiently, causing a higher headloss development. It is likely to be a particle
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size related phenomenon in which Al hydroxide precipitates are increasing size in the
supernatant and on previously retained paiticles.
Letterman (1987) reviewed filti'ation mechanisms in general and stated that, when straining is 
considered to be the controlling filtration mechanism, removed particulates can foim a layer 
deposit on the upstieam face of the filter medium. The headloss across this layer depends on the 
size and mechanical properties of the retained particles (Letterman, 1987). Furtheimore, the rate 
of headloss development increase per unit mass of retained particles decreases as the size of the 
particles increases and retained rigid particles can maintain a more porous structure, yielding a 
lower rate of headloss development (Letteiman, 1987). This could be the case in the
experimental slow sand filters if it could be proven that the kaolin deposits are larger with a more 
rigid stmctui’e. These characteristics {i.e. size and mechanical properties) could be used on 
further work to characterise Al hydroxide precipitate deposition in filters in comparison to clays 
to give fui-ther insight to the observed phenomenon. This information could lead to other 
recommendations on the use of alum in SSF pre-treatment, i.e. other than the turbidity targets set 
in this work in order to reduce Al hydroxide precipitate loading.
The dosing of coagulants upstream of gravel filters is a relatively simple intervention that can
achieve impressive reductions in tuibidity, as seen in this and in other studies. However, the 
downstream slow sand filter is very sensitive to particulate Al residuals; the Al fraction 
correlated well with pre-filtration effluent turbidities. Chemically pre-treated tubidities of at most 
2 NTU can be considered acceptable for alum-dosed pre-filters. This would probably require 
setting as a target an average of 1 NTU or less. Consequently, if it weren’t for the risk posed by 
protozoan pathogens resistant to conventional chlorination, such a high quality pre-treatment 
effluent could perhaps render the inclusion of a slow sand filter in the system umiecessary
Ahsan (1995) considered an effluent with less than 3 NTU to be acceptable for a hypothetical 
slow or rapid sand filter application, as no final filtiation stage was tested. Moreover, an Al 
residual of 330 pg/L (assumed here to be the total fr action consisting mainly of particulate Al) in 
the pre-filter effluent was also reported with no associated tuibidity. Such Al levels, as shown in 
Figure 6.33, would cause an accelerated headloss development in the slow sand filter.
It was also suggested that a final filtration stage would remove most of the Al (Ahsan, 1995). 
Indeed this would be the case, but the difference is that unlike rapid sand filters, slow sand filters 
do not include backwashing facilities to clean the media. Application of this process for rapid
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sand filtration pre-treatment has been reviewed by Di Bernardo and Isaac (2001). It is apparent 
that the SSF process can suffer shortened operational run times due to the excessive headloss 
caused by Al residuals from the coagulation process; albeit that relatively low influent tuibidities 
may be recorded.
In order to achieve a pre-filter effluent tuibidity of less than 2 NTU a relatively strict process 
control procedure is warranted as the process is sensitive to the coagulant dose applied. Ahsan et 
al. (1991) stated that the dosing of alum need not be so precise, as the turbidity reduction 
efficiencies varied only between 96 and 98 % (for a raw water tui'bidity of 160 NTU) over an 
alum dose range of 0.5 to 2.0 mg/L. Fuithermore, the pre-filtration system could handle 
moderate fluctuations in raw water quality without significantly affecting effluent quality (Ahsan 
et al., 1991). Such a system would be ideal, considering that in small to medium communities, 
where gravel pre-filtration can be an appropriate technology, probably only manual dosing 
equipment would be available. Yet, the data fiom this study shows that by altering the coagulant 
dose by as much as 2 mg/L can cause a considerable change in the effluent turbidity to occur and 
influence the particulate Al residual. As a percentage the tui'bidity reduction efficiencies reported 
by Ahsan et al. (1991) did not seem to vary much, they probably signify a pre-treated effluent of 
about 4 to 6 NTU; which could cause significant increases in headloss development on the slow 
sand filters (Figure 6.33).
The limitation of dissolved Al residuals is assisted by the fact that at around a neutral pH, Al is at' 
its state of minimum solubility. Otherwise, the results of this study suggest that there is little that 
could be done in practice. By dosing Al sulfate at near-neutral pH the potentially more toxic 
inorganically-boimd monomeric Al should also be at a minimum. However, based on the 
reviewed literature, the Al levels obsewed in this study would not have a profoimd, if any, effect 
on the biological puiification mechanisms of a slow sand filter.
The author’s experience in training water treatment technicians in rural and mban settings of 
developing countries (Rwanda, Haiti, and Indonesia) is that concepts such as jar-testing and 
turbidity measuiements were easy to pass on (Dorea et al., 2005). However, the stringent process 
requirements and close monitoring needs of the process aie perhaps beyond the staff’s technical 
competence and the resources available. Such a process would possibly require automation and 
hence would only be applicable to more developed countries. This is the case in South Korea 
where chemically-enlianced gravel pre-filtration was being considered by KOWACO as a pre-
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treatment option for small communities using slow sand filters (Park, 2005 -  personal 
communication).
From the data of this study, it becomes apparent that for chemically-enhanced gravel pre-filters, 
the margin between the best that can be achieved and worst that can be tolerated, in order to have 
an efficient and effective pre-treatment, is very fine. What was viewed by others to be a simple 
means of protecting slow sand filters from high turbidities (a view initially held in this study) is 
effectively viewed as being inappropriate for small to medium scale community water supply 
systems that rely on multi-stage filtration.
Two different particle characterisation techniques were used in this study, the sequential 
filtration test (SFT) based on a “sieving” technique and PSD measurements based on the Coulter 
principle. The SFT yielded disappointing results and did not offer many of the advantages in 
relation to its potential as a simple field technique. Their cost was somewhat prohibitive and 
replacement with alternative filter membranes/papers still did not give good results (Zipperlen, 
2004). Besides, it is thought that other membranes/filters do not have certain properties that 
favour its use in a “sieving” procedure. Electron microscopy images in Plates 8.1 (a and b) show 
why the Nucleopore filters are chosen for the “sieving” technique. Nucleopore filters have well 
defined pores as a consequence of its manufacturing process, as opposed to the porous matrix 
that makes up cellulose acetate membrane filters and other membrane filters. In the case of a 
matrix such as that in Plate 8.1b reference to a nominal pore-size would be a misnomer and a 
nominal retention size would be a better descriptive terminology.
Plate 8.1(a and b). Electron microscopy images o f  a Nucleopore membrane filter (a -  left; source: 
http://www.bbcus.com/uploads/products/products_567_thumb.jpg) and a cellulose acetate membrane 
filter (b -  right; source: http://www.sterlitech.com/images/CelluloseAcetate.jpg), no scales given.
In terms of practicality the most utilised field technique to characterise suspensions is turbidity. 
It does not give an indication of particle size, but can allow one to assess the suspensions
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stability by means of settling tests. Turbidity measuiements can be made with simplified 
methods such as the Jackson tube. These instruments lack precision and readings can be 
subjective, but this does not mideimine its importance as a tool for water quality control in rural 
areas. The Coulter Counter can yield useful information for the understanding of the filtration 
processes occurring in gravel filters. Unfortunately, PSD characterisations during part of the 
experimental programme were stopped in order to concentrate sampling and processing efforts 
on Al residual fractionation and determination. PSD determinations coupled with Al residual 
information could have given further insight in relation to the gieater headloss development 
caused by the chemically-enhanced pre-filter effluents. This type of PSD technique has been 
used alongside other types of particle counters/sizers in gravel filtration studies (e.g. Wegelin et 
al., 1987; Collins et al., 1994; Ahsan, 1995). However, it has very little if no potential as a field 
technique for particle characterisation.
Probably one of the only successful field techniques for particle sizing that has been applied in 
relation to multi-stage filtration has been the direct observation by microscopy. Work with this 
technique has been described by Pardon (1989). It is a relatively labour intensive procedure, but 
it can reveal important information such as the natme of the particulates in suspension. That is, it 
is possible to determine if the pai ticulates are of mineral or organic origin.
With regards to the dose selection criteria, an empirical approach based on relevant literature was 
adopted and evaluated. Ideally, the jar-test would mimic the relevant unit processes and 
respective energy inputs and detention times. From the preliminary experiments it was seen that 
velocity gradients (that could be later incoiporated to jar-tests) could not be calculated based on 
headloss measured across the gravel bed, as done in gravel bed flocculators. This was due to the 
low filtration rates applied to gravel filters in comparison to the loading rates of gravel bed 
flocculators. The sieving technique (modified jar-test) did not contradict results from 
conventional jar-tests based on the settling characteristics of floes. In the modified jar-test all 
floes greater or equal to the nominal retention size of the filter paper should be retained. In this 
case, floe filterability is a size related phenomenon. In a conventional jar-test the destabilised 
suspension is allowed to settle and floe characteristics that will result in the minimum residual 
tui'bidity are its size and density. As such the modified jar-test made the influence of floe density 
plain. This could perhaps explain the difference in the results obtained with each jar-test type.
SSF column trials and 24-hour respiration tests. The testing approach (SSF column trials) 
adopted in these experiments was based on that of Weber-Shirk and Dick (1997a and b). They
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utilised sodium azide to reversibly block oxidative phosphorylation, thereby inhibiting biological 
activity within the slow sand filter. As a result there were significant changes in terms of 
particulate removal. The slow sand filtration column trials showed that there was no significant 
difference between the Al-dosed filters and the control units in terms of treatment performance 
parameters (i.e. tuibidity and faecal coliforms); even at the highest Al dose of 200 pg/L. From 
the turbidity and dissolved oxygen profiles (Figures 7.2 to 7.9) the similar behavioiu of the two 
SSF units with regards to trends in perfonnance was apparent. Drops in dissolved oxygen levels 
with filtration run times indicated that biological respiration processes were occuiTing. In terms 
of this biological activity indicator (i.e. dissolved oxygen levels) there was also no significant 
difference for all the conditions tested.
The smallest Al dose (i.e. 250 pg/L) tested on the 24-hour respiration test was laiger than the 
average total Al recorded during the pilot MSF trials conducted at Shalford (i.e. 167 pg/L). At 
this level no significant effect on the difference in dissolved oxygen consumption was recorded 
(Table 7.8), corroborating the findings of the SSF column trials in relation to dissolved oxygen 
levels (maximum Al dose tested of 200 pg/L). A drop in dissolved oxygen consumption (i.e. 
respiration) was due to both the toxic effect of Al and the drop in pH due to its addition. In fact, 
it was seen that the adjusted drop in pH to 5.4 was a major contributor to the effect on the 
respiration over 24 hours (Figure 7.12) in comparison to the effect of a 1000 pg/L Al dose at pH 
8.0. However, the drop in pH measuied (i.e. pH 5.4) in this case is higher than what one would 
expect in a chemically-enhanced MSF plant. In this maimer the results should be interpreted as 
what would happen if the SSF influent pH were to say accidentally drop to such acidic levels.
The obseiwed effects on dissolved oxygen levels during the 24-hom* respiration tests were on the 
aerobic organisms present in the sampled pond water. Mutatis mutandis these organisms are 
similai' to those present in SSF column trials. The difference being that in the SSF column trials 
the organisms were mainly fixed to the media and in the 24-hour respiration tests the organisms 
were suspended. However, the extrapolation of these results to recommendations of SSF Al 
residual thiesholds is not straight forward; no evidence of an effect should not be interpreted as 
evidence o f the lack of an effect. Also, the differences in the 24-hour respiration could have been 
due to toxic effects of organisms that do not have a direct role in the biological treatment 
efficiency of the SSF, i.e. algae.
The fact that Al spéciation could not be controlled in a manner which simulated aluminium 
sulfate treated water in terms of its Al residuals, was a shortcoming of the SSF colmnn trials and
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the 24-hour respiration tests. As such, the Al was dosed in a form known to be in its most labile 
state (Gardner and Comber, 2003), i.e. potentially more bioavailable and toxic. It is likely that 
the Al spéciation changed in time duiing the 24-houi' respiration tests. Al spéciation was 
observed to change within hours of dosing in the Al-spiking experiments of Gardner and Comber
(2003). However, these are limitations that most Al microbial toxicity tests can suffer from (see 
3.5.1 Effects on microorganisms) and are challenging to overcome.
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8.2 Conclusions
One of the objectives of the study was to assess the efficiency as well as the effectiveness of 
chemically-enhanced gravel as a pre-treatment for slow sand filters. The pre-tieatment 
effectiveness was of critical importance in the evaluation of its use in slow sand filtration 
applications. The following conclusions have been drawn with respect to this objective:
• In the experimental conditions tested, the chemically-enhanced gravel pre-filtration series 
was able to achieve tuibidity reduction efficiencies of 89.5 to 99.5 % in contrast to 50.6 
to 81.9 % offered by the control (conventional) pre-filtration series. As a result of the 
higher pre-treatment tm'bidity reductions the chemically-enhanced MSF series achieved 
higher overall turbidity reduction effiencies.
• The chemically-enhanced gravel pre-filters were also more efficient than the control pre­
filtration series in terms of faecal coliform removal (0.62 to 1.69 log compared to 0.28 to 
0.65 log) and UVA-254 reductions (42 to 56 % compared to 6 to 10 %).
• Headloss development in slow sand filters was occumng at a higher rate in the 
chemically-enhanced pre-treated series due to Al hydroxide precipitates. This caused the 
chemically pre-tieated slow sand filters to reach their ultimate headloss more rapidly than 
the control filters. It was speculated that this phenomenon is related to the physical and 
chemical properties of the Al hydroxide precipitates coupled with the SSF design and 
operational conditions (i.e. sand grain size and filtration rate). As such the chemically- 
enhanced gravel pre-filters may not be effective as pre-treatment, albeit more efficient.
For the chemically-enlianced gravel pre-filters to be effective as a pre-tieatment, the 
paiticulate Al residuals caused by the Al hydroxide precipitates need to be minimised. 
Particulate Al correlated well with turbidity. Chemically-enhanced pre-filtration effluents 
of at most 2 NTU should be attained in order to minimise Al residuals. When resorting to 
chemical-enliancement of pre-filtiation with aluminium sulfate, this study suggests that 
the pre-treatment tui'bidity target should be set at an average of 1 NTU (maximum 2 
NTU).
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The possible effects of Al residuals on slow sand filtration treatment efficiency and on its 
biological activity were also assessed as a principal objective of the investigation. With regards 
to this aspect of the study, the following conclusions were reached:
• The pilot-scale experiments revealed that (particulate) Al residuals from the chemically- 
enhanced gravel pre-treatment can affect the slow sand filtration process by increasing 
the headloss development.
• Pilot-scale MSF rims showed that the dissolved fbims of Al were mainly inorganically 
bound. At comparable levels to those measmed in pilot-scale MSF evaluations, SSF 
column trials in which Al was dosed showed no significant effect on the filter treatment 
efficiency in relation to turbidity reduction or faecal colifoim removal efficiencies. No 
significant difference in terms of dissolved oxygen levels demonstrated that for 
concentrations of up to 200 gg/L (0.200 mg/L) of Al dosed in its inorganic monomeric 
form, no adverse effect on the slow sand filter was recorded in relation to this biological 
activity indicator.
• 24-hour respiration tests revealed that for a dose of 250 pg/L of Al no significant effect 
on the respiration rate was measmed in relation to the control samples. At higher Al 
doses (> 250 pg/L ) a statistically significant drop in the 24-hour respiration was 
detected, but such Al levels were not observed during pilot-MSF testing. This drop was 
paitially due to the metal and also the drop in pH that resulted fiom the Al dosing. At a 
constant sample incubation pH of 7.0, the 24-hour respiration of samples dosed at 250 
and 500 pg/L did not differ significantly; a statistically significant reduction of 3 % in the 
24-hom- respiration was noted at 1000 pg/L. However, such a high Al concentration was 
not typical of levels encountered in the chemically-enhanced pre-filtration effluent.
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8.3 Recommendations for future research
The work conducted in this project has fulfilled its objectives and has also identified topics of 
research that merit fuither investigation, viz:
• A fimdamental study on to the physical (e.g. size, mechanical properties, density) and 
chemical (e.g. attachment probability) characteristics of destabilised particulates in 
comparison to a control suspension (e.g. clay particulates) under SSF design and 
operation conditions could give further insight into the obseiwed headloss phenomenon. 
Thereby, possibly explaining why Al hydroxide precipitates were able to deposit in such 
a manner as to contain less void space than kaolin clay deposits in slow sand filters.
• Although the characterisation of the biological treatment offered by gravel pre-filters was 
not within the scope of this project, the literatuie review has pointed to the fact that this 
aspect of gravel filtration has not been developed. The identification of biological giavel 
pre-filtration mechanisms, their significance in terms of pre-treatment performance, and 
the factors which affect them remain uncharacterised.
• Natural coagulants, such as those derived from Moringa spp. seeds, could potentially 
offer an alternative to aluminium sulfate as a SSF pre-treatment enhancer. The use of 
these seeds is considered to be advantageous in developing countries, as the crop is 
capable of growing in diverse environments and has a high yield. Natural coagulants are 
mainly of organic natui e and tend to increase the TOC levels of treated waters depending 
on the extraction proceduie adopted (Dorea, 2005c). The impact of the pre-treatment 
coagulant organic residue on the slow sand filter is a research topic worthy of 
consideration.
• The literatuie review revealed some limitations in Al microbial toxicity studies (see 3.5.1 
Effects on microorganisms). These aspects should be taken into consideration in future 
studies. The use of respirometric techniques to assess Al toxicity to aerobic 
microorganisms in terms of dissolved oxygen consumption should be coupled with Al 
spéciation studies. The use of these analytical techniques in tandem with different Al 
chelators could give further insight to microbial Al toxicity.
• The impact of Al on the biological treatment offered by a slow sand filter was assessed in 
comparison to a “healthy” (undosed) control. There is considerable difficulty in
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simulating Al coagulant residuals and hence future work could compare the perfbimance 
of a chemically pre-treated slow sand filter in relation to a chemically pre-treated slow 
sand filter in which its biological activity was suppressed {e.g. with sodium azide).
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APPENDIX A -  SUPPORTING INFORMATION FOR CHAPTER 5 
Alum injection rate for run 3 and visual jar-test:
Nominal gravel filter flow rate: 145 mL/min (recorded average: 142 mL/min, n= 18)
Nominal peristaltic flow rate: 1.5 mL/min (recorded average: 1.4 L/min, n = 6)
Alum stock solution concentration: 1.0 g/L as alum
Alum dose: 10 mg/L as alum from visual jai-test (average alum dose, based on injection rate: 9.9 
mg/L)
Visual iar-test for Run no 3 (Preliminary experiments) 31/08/2002
rpm
Fast mix Slow mix Settling Turbidity Alum stock cone
Dose (mg/L) as Alum 
pHinitial tudbidityVisual observation around 2 min after slow mix
2755030natural10 g/L as alum
min
215
0 10 20 40 70 1008.1 7.7 7.5 7.2 6.9 6.795.7 95.7 95.7 95.7 95.7 95.7no floe discrete fiocs. seems blaasst discrete floe discrete fioc Cloudy appearance cloudy appearancemost fioc settled most floe settled most fioc settled some fioc in suspension some fioc in suspension70.40 11.40 3.15 0.98 1.00 1.1326 88 97 99 99 99
Settled turbidity NTU reduction (%)
Dose of 10 mg/L selected as by visual inspection fiocs seemed bigger Uian the fiocs from 20 and 40 mg/L, although did not yield lowest residual turbidity.
Alum injection rate for run 4 and visual jar-test:
Nominal gravel filter flow rate: 145 mL/min (recorded average: 144 mL/min, n= 20)
Nominal peristaltic flow rate: 1.5 mL/min (recorded average: 1.5 mL/min, n = 8)
Alum stock solution concentration: 3.0 g/L as alum
Alum dose: 30 mg/L as alum from visual jar-test (average alum dose, based on injection rate: 
31.2 mg/L)
V isual ja r- te s t for R un no  4  (Prolim lnaty experim ents) 
07/09/2002
rpm
F a s t mix 275
Slow mix 50
Settling 30
Turbidity natural
Alum stock  co n e  10 g/L a s  alum
min
2
15
D o se  (mg/L) a s  Alum 
pH
Initial tudbidity 
V isual observation  a round  2  m in a fte r slow  mb(
Settled  turbidity 
NTU reduction  (%)
0 10 20 30 40 507.8 7.6 7.4 7.3 7.2 7.194.9 94.9 94.9 94.9 94.9 94.9no fioc Din Doint Hoc. smallest Din DoInt fioc. bigger than 10 mo/L Din point floe, bigger than 10 mg/L pin point floe, bigger than 10 mo/1 cloudy
most fioc settled some still In suspension seem  to settle quick seem  to be light, seem  to be light
70.40 11.40 3.15 0.98 1.00 1.1326 68 97 99 99 99
D ose  of 30  mg/L se lec ted  a s  by visual Inspection a s  flees s e e m e d  big and  to  settle  qu icker th an  o th e rs  during in sp e a io n  tim e, w as  lowest residual turbldty too
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Alum injection rate for run 5;
Nominal giavel filter flow rate: 145 mL/min (recorded average: 142 mL/min, n= 20)
Nominal peristaltic flow rate: 1.5 mL/min (recorded average: 1.4 mL/min, n = 8)
Alum stock solution concentration: 0.5 g/L as alum
Alum dose: 5 mg/L as alum selected for testing effect of low dose (average alum dose, based on 
injection rate: 4.9 mg/L)
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APPENDIX B -  SUPPORTING INFORMATION FOR CHAPTER 6
K
fTC)A
H
Ë
D
B
A = Mixing tank;
B = Kaolin slurry;
C = River water;
D = Peristaltic pump;
E  = Overflow (to waste);
F =  Constant head tank;
G = Overflow;
H = Alum stock solution;
I = Rapid mix device;
J =  Gravel filter columns;
K  = Slow sand filter column; 
L = Slow sand filter outlet.
Figure B .l. Schematic diagram o f  experimental system (second filter series omitted for clarity).
Kaolin dosing (refer to Figure B.l);
Kaolin was dosed from the kaolin slurry tank (B) into the mixing tank (A) through a single-flow 
peristaltic pump (D), i.e. its flow could not be adjusted. Flow rate of pump D was of 1.68 L/h (or 
40 L/d). The kaolin slurry concentration was kept in suspension in tank B by a submersible 
fountain pump (Clarke®, UK) that was kept running constantly. Kaolin slurry was made by 
mixing a pre-weighed amount of the clay with Tillingbourne River water to yield the 
concentration of the kaolin slurry, [kaolin]; which was determined on the basis of the targeted 
turbidity for the specific pre-filtration run. Based on the turbidities achieved on a mock run the 
[kaolin] would be scaled-up in proportion to the filtration rate adopted for the pre-filters and the 
desired turbidity for the particular- i-un.
Nominal flow rates for the pre-filters are as follows:
• Flow through each pre-filter (Flow-PF) at/ =  0.5 m^/m^h: 15 L/h;
Flow-PF at/ =  1.0 m^/m^h: 30 L/h.
The nominal flow rate for the entire system, i.e. of river water necessary, is the flow rate required 
by each pre-filter series multiplied by two. During the mock run the filtration rate adopted was of
0.5 m^/m^h and therefore the nominal system flow rate was of 30 L/h. However, diuing 
experimental all runs the system flow rate (Flow-system) was always kept in excess (between 5 
to 10 %) of the nominal value to ensure the overflow in the mixing tank (A) so that it would 
never run dry and damage the electric submersible pump. The mock kaolin (using Supreme
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kaolin) run utilised a [kaolin] of lOg/L, as this would be a concentration easy to deal with (i.e. 
easy to remember number). This resulted in a turbidity of the mixing tank of between 40 to 60 
NTU. As the kaolin pump D was of a constant delivery rate, the factors that could influence the 
resulting tuibidity were the [kaolin] and the Flow-system. [kaolin] was assumed to be directly 
proportional and the Flow-system inversely proportional. For [kaolin] deteimination the resulting 
turbidity of the mock run was assigned as 50 NTU, yielding tlie following expression:
[kaolin] = Target turbidity x Flow-system / 150
Where [kaolin] is given in g/L and the Flow-system in L/h. Table B.l gives the [kaolin] and type 
of clay used for each run, based on the target turbidity and filtration rate utilised. It can be seen 
that in general the average turbidity achieved was reasonably close to the desired tai'get 
turbidities, specially considering that the average achieved tuihidities are not reported as rounded 
numbers {e.g. 50 NTU, 200 NTU, etc.) such as in other research (Ahsan, 1995). Variations were 
thought to occur mainly due variations in the excess flow that was utilised in practice for Flow- 
system. The actual Flow-system were checked daily, but no record was kept.
Run
no. (m^/Wh)
Flow-system
(L/h)
Target turbidity 
(NTU)
[kaolin]
(g/L)
Kaolin
type
Achieved turbidity 
(NTU)
1 0.5 30 150 30 Supreme 120
2 0.5 30 150 30 Supreme 138
3 0.5 30 150 30 Supreme 131
4 0.5 30 150 30 Supreme 130
5 1.0 60 150 60 Supreme 115
6 0.5 30 150 30 Polwhite B 151
7 0.5 30 150 30 Polsperse 10 129
8 0.5 30 150 30 Speswhite 124
9 0.5 30 150 30 Sigma-Aldrich 126
10 0.5 30 50 10 Speswhite 31.1
11 0.5 30 50 10 Speswhite 32.3
12 0.5 30 50 10 Speswhite 36.8
13 0.5 30 100 20 Speswhite 73.8
14 0.5 30 150 30 Speswhite 151
15 0.5 30 Media changed in 1 filters, both series on river water only (no kaolin).
16 0.5 30 150 30 Speswhite 112
17a 0.5 30 200 40 Speswhite 175
17b 0.5 30 300 60 Speswhite 309
18a 0.5 30 300 60 Speswhite 241
18b 0.5 30 300 60 Speswhite 262
19 0.5 30 300 60 Speswhite 285
20 1.0 60 200 80 Speswhite 190
21 1.0 60 200 80 Speswhite 139
22 1.0 60 200 80 Speswhite 206
23 1.0 60 300 120 Speswhite 295
24 1.0 60 200 80 Speswhite 155
25 1.0 60 300 120 Speswhite 240
/ =  filtration rate.
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Aluminium sulfate dosing (refer to Figure B.l):
Aluminium sulfate (BDH, UK), Al2(S04)3T6H20, was used for the chemically-enhanced MSF 
pilot-system. Aluminium slufate was applied via a persistaltic pump from a stock solution (H) at 
a set dosing rate, Flow-alum. This flow rate was set at 75 mL/h as tliis would be 0.5 % of the 
total filter flow when set at 0.5 m^/m^h. Flow-alum was checked daily, but no recordings were 
not normally taken. Rather than var ying the Flow-alum for dose variation, the stock solution 
strength was altered to increase or decrease the coagulant dosage. Otherwise high coagulant 
dosages would require a high Flow-alum rate that could contribute to the overall flow through 
the filter imit.
The concentrations of the aluminium sulfate stock solutions ar e termed [alum] and given in mg/L 
as Al. Dming pre-filtration runs no. 1 to 9 aluminium sulfate doses had been determined as mg/L 
as alum. Based on the molecular weight of the aluminium sulfate used, those dose values were 
reported as mg/L as Al.
All rims between runs no. 1 to 9 were at a filtr ation rate of 0.5 m^/m^h, with the exception of run 
no. 5 at 1.0 m^/rn^h. Runs no. 1 to 9 all had the same aluminium sulfate dose of 2.6 mg/L as Al 
(or 30 mg/L as alum), [alum] for runs no. 1 to 9 (except run no. 5) were of 0.51 g/L as Al (or 6 
g/L as alum). The filtration rate of run no. 5 was doubled and the [alum] as well(1.02 g/L as Al 
or 12 g/L as alum) to maintain a the same dose as the other runs (no. 1 to 9).
Runs no. 10 to 25 were dosed at either 2, 4, 6 or 8 mg/L as Al. At a filtration rate of 0.5 m^/m^h, 
a [alum] of 0.4 g/L was required to produce a aluminium sulfate dose of 2 mg/L as Al (at the 
Flow-alum of 75 mL/h). Based on this setting, the [alum] could be proportionally increased 
according to the desired aluminium sulfate dose and filtration rate adopted (similai* to kaolin 
dosing), based on the following relationship:
[alum] = Al dose x Filtiation rate / 2.5
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Preliminary jar-tests (conventional), influence of reduction of slow mixing time;
06/06/2003
Fast mix 
Slow mix 
Settling 
Turbidity
rpm
500
200
0
min
2
15
30
natural tillingbourne water
Dose (mq/L as Alum - BDH) 0 20 40 60 80 100
Initial 11.10 11.10 11.10 11.10 11.10 11.10
Settled 7.85 0.90 0.54 0.81 1.01 0.87
NTU reduction (%) 29 92 95 93 91 92
06/06/2003
Fast mix 
Slow mix 
Settling 
Turbidity
rpm
500
200
0
min
2
15
30
natural tillingbourne water
Dose (mq/L as Alum - BDH) 0 20 40 60 80 100
Initial 12.10 12.10 12.10 12.10 12.10 12.10
Settled 8.12 1.15 0.44 0.98 0.68 0.71
NTU reduction (%) 33 90 96 91 94 94
06/06/2003
Fast mix 
Slow mix 
Settling 
Turbidity
rpm min 
500 
200
2
30
0 30
natural tillingbourne water
Dose (mq/L as Alum BDH) 0 20 40 60 80 90initial 12.7 12.7 12.7 12.7 12.7 12.7Settled 8.32 1.24 0.56 0.83 0.95 0.76NTU reduction (%) 34 90 96 93 93 94
06/06/2003
Fast mix 
Slow mix 
Settling 
Turbidity
rpm min 
500 2
200 30
0 30
natural tillingbourne water
Dose (mg/L as Alum BDH) 0 20 40 60 80 90Initial 11.9 11.9 11.9 11.9 11.9 11.9Settled 8.19 1.18 0.59 0.76 0.85 0.83NTU reduction (%) 31 91 95 94 93 93
Jar-tests (conventional) to determine dose for Runs no. 1 to 9:
Fast mix 
Slow mix 
Settling 
Turbidity
27/08/2003 27/08/2003
rpm min rpm min
500 2 Fast mix 500 2200 15 Slow mix 200 150 30 Settling 0 30kaolin supreme Turbidity kaolin supreme
Dose (mg/L as Alum - BDH) 0 10 20 30 60 90 Dose (mg/L as Alum BDH) 0 10 20 30 60 90Initial 104.00 104.00 104.00 104.00 104.00 104.00 Initial 180 180 180 180 180 180Settled 98.00 73.20 46.40 6.08 6.37 8.23 Settled 169 109 43.1 11.4 7.89 9.23NTU reduction (%) 6 30 55 94 94 92 NTU reduction (%) 6 39 76 94 96 95
...gh ____ 7.94 7.88 7.84 7.80 7.45 7.05 pH 7.94 7.85 7.8 7.69 7.35 7
28/08/2003 28/08/2003rpm min rpm minFast mix 500 2 Fast mix 500 2Siow mix 200 15 Slow mix 200 15Settling 0 30 Settling 0 30Turbidity kaolin supreme Turbidity kaolin supreme
Dose (mg/L as Alum - BDH) 0 10 20 30 60 90 Dose (mg/L as Alum-BDH) 0 10 20 30 60 90Initial 114.00 114.00 114.00 114.00 114.00 114.00 initial 123.00 123.00 123.00 123.00 123.00 123.00Settled 106.00 71.70 26.20 5.89 6.18 9.30 Settled 118.00 83.60 46.30 4.28 4.78 5.19NTU reduction (%) 7 37 77 95 95 92 NTU reduction (%) 4 32 62 97 96 96pH 7.86 7.78 7.70 7.38 7.40 7.06 pH 8.11 8.02 7.93 7.83 7.51 7.15
Jar-tests (conventional and modifled) used for Runs no. 10 to 25 (Speswhite kaolin):
F a s t  mix 
S io w  mix 
F iltra tion  
S e ttlin g  
Turb id ity
rpm
5 0 0 2 F a s t  mix 5 0 0 2
2 0 0 15 S lo w  m ix 2 0 0 15
F iltra tion
0 3 0 S e ttlin g 0 3 0
3 0 T urbid ity 3 0
D o s e  (m g /L  a s  Al) 0 1 2 4 6 10
initial 3 9 .6 0 3 9 .6 0 3 9 .6 0 3 9 .6 0 3 9 .6 0 3 9 .6 0
S e ttle d 3 9 .0 0 2 3 .7 0 4 .0 0 4 .3 6 6 .0 2 8 .2 6
NTU re d u c tio n  (% ) 2 4 0 9 0 89 8 5 7 9
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
initial 3 2 .0 0 3 2 .0 0 3 2 .0 0 3 2 .0 0 3 2 .0 0 3 2 .0 0
S e ttle d 3 0 .7 0 1 4 .4 0 5 .4 3 6 .6 0 6 .2 7 6 .2 5
NTU red u c tio n  (%) 4 5 5 83 7 9 80 8 0
204
F a s t  m ix 5 0 0 2 F a s t  mix 5 0 0 2
S io w  m ix 2 0 0 15 S lo w  mix 2 0 0 15
F iitra lion Filtra tion
S e ttlin g 0 3 0 S e ttlin g 0 3 0
Turb id ity 3 0 Turbid ity 3 0
D o se  (m g /L  a s  Ai) 0 1 2 4 8 10
Initiai 3 2 .0 0 3 2 .0 0 3 2 .0 0 3 2 .0 0 3 2 .0 0 3 2 .0 0
S e ttle d 3 0 .7 0 2 0 .1 0 3 .6 5 3 .7 8 6 .1 8 5 .7 0
NTU re d u c tio n  (% ) A 37 8 9 88 81 82
D o se  (m g/L  a s  Al) 0 1 2 4 6 10
initial 2 2 .9 0 2 2 .9 0 2 2 .9 0 2 2 .9 0 2 2 .9 0 2 2 .9 0
S e ttle d 2 2 .0 0 11 .2 0 4 .61 4 .9 0 6 .8 8 6 .7 5
NTU re d u c tio n  (%) 4 51 8 0 79 7 0 71
F ilte red 15 .7 2 .6 2 1 .17 0 .5 0 .6 3 0 .9 7
F ilte red  re d . (% ) 3 3 8 9 9 5 9 8 9 7 96
F a s t  m ix 5 0 0 2 F a s t  mix 50 0 2
S lo w  m ix 2 0 0 15 S io w  mix 2 0 0 15
F iltra tion y e s F iltra tion y e s
S e ttlin g 0 3 0 S e ttlin g 0 3 0
Turbid ity k ao lin T urb id ity kaolin
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 3 6 .9 0 3 6 .9 0 3 6 .9 0 3 6 .9 0 3 6 .9 0 3 6 .9 0
S e ttle d 3 2 .2 0 1 1 .1 0 4 .2 3 4 .4 4 6 .0 9 5 .3 8
NTU re d u c tio n  (% ) 13 7 0 8 9 8 8 8 3 8 5
F ilte red 16 .2 3 .3 8 0 .8 6 0 .7 7 1 .27 1 .4 3
F ilte red  re d .  (% ) 5 8 91 9 8 9 8 9 7 9 6
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
initial 3 6 .9 0 3 6 .9 0 3 6 .9 0 3 6 .9 0 3 6 .9 0 3 8 .9 0
S e ttle d 3 2 .2 0 1 0 .2 0 4 .6 8 4 .1 3 6 .7 8 6 .5 6
NTU red u c tio n  (% ) 13 5 9 6 9 73 7 5 7 2
F ilte red 1 6 .2 2 .5 4 1 .2 7 0 .7 5 1 .3 9 3 .9 4
F ilte red  red . (%) 5 6 9 3 9 7 98 9 8 89
F a s t  mix 5 0 0 2 F a s t  mix 5 0 0 2
S lo w  m ix 2 0 0 15 S lo w  m ix 2 0 0 15
F iltra tion y e s F iltra tion y e s
S e ttlin g 0 3 0 S e ttlin g 0 3 0
Turbid ity kao lin T urb id ity kaolin
D o s e  (m g /L  a s  Al) 0 1 2 4 6 10
Initial 3 1 .0 0 3 1 .0 0 3 1 .0 0 3 1 .0 0 3 1 .0 0 3 1 .0 0
S e ttle d 2 8 .7 0 7 .8 7 4 .0 9 4 .6 0 7 .5 8 6 .6 3
NTU re d u c tio n  (% ) 7 7 5 8 7 8 5 7 6 7 9
F ilte red 18 .1 1 .8 8 0 .7 8 0 .6 2 0 .9 2 1 .82
F ilte re d  re d . (% ) 4 2 94 9 7 9 8 9 7 9 4
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
inifiai 2 4 .1 0 2 4 .1 0 2 4 .1 0 2 4 .1 0 2 4 .1 0 2 4 .1 0
S e ttle d 2 3 .0 0 9 .9 6 4 .6 8 6 .5 6 6 .2 4 6 .3 8
NTU red u c tio n  ( ^ 5 5 9 81 73 7 4 74
F ilte red 15 2 .6 9 1 .3 0.71 1.01 2.01
F ilte re d  re d . (%) 38 8 9 9 5 97 9 6 92
F a s t  mix 5 0 0 2 F a s t  mix 50 0 2
S io w  mix 2 0 0 15 S io w  m ix 20 0 15
F iltra tion y e s F iitra lion y e s
S e ttlin g 0 3 0 S e ttlin g 0 3 0
Turb id ity Turb id ity
D o se  (m g/L  a s  Ai) 0 1 2 4 6 10
initial 3 0 .1 0 3 0 .1 0 3 0 .1 0 3 0 .1 0 3 0 .1 0 3 0 .1 0
S etU ed 2 7 .6 0 1 2 .2 0 5 .5 3 4 ,4 3 5 .2 7 5 .7 5
NTU re d u c tio n  (% ) 8 5 9 8 2 8 5 82 81
F ilte red 15 .7 4 .0 4 1 .0 9 0 .6 7 0 .7 7 1 .49
F ilte red  re d .  (% ) 4 8 87 9 6 9 8 9 7 9 5
pH 7 .5 3 7 .4 7 7 .2 5 7 .0 8 6 .8 4 6 .51
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
inilial 3 8 .0 0 3 8 .0 0 3 8 .0 0 3 8 .0 0 3 8 .0 0 3 8 .0 0
S e t t le d 3 3 .0 0 7 .4 9 3 .7 4 3 .0 3 3 .3 4 6 .31
NTU re d u c tio n  (% ) 13 8 0 9 0 91 9 2 83
F ilte red 2 2 .3 1.71 1 .1 6 0 .6 8 0 .5 9 1 .16
F ilte re d  red . (%) 41 9 6 9 7 98 9 8 9 7
pH 7 .5 3 7 .4 7 7 .2 5 7 .0 8 6 .8 4 6 .51
F a s t  mix 5 0 0 2 F a s t  mix 5 0 0 2
S io w  mix 2 0 0 15 S io w  m ix 2 0 0 15
F iltra tion y e s Filtra tion y e s
S e ttlin g 0 3 0 S e ttiin g 0 3 0
Turb id ity k ao lin T urb id ity kaolin
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
initial 3 8 .2 0 3 8 .2 0 3 8 .2 0 3 8 .2 0 3 8 .2 0 3 8 .2 0
S e t t le d 3 7 .2 0 1 0 .7 0 5 .9 2 6 .3 4 6 .9 3 6 .9 6
NTU re d u c tio n  (% ) 3 7 2 8 5 83 8 2 8 2
F ilte red 2 5 .5 2 .6 9 1 .0 6 0 .7 8 0 .7 3 2 .8 7
F ilte red  re d .  (% ) 3 3 9 3 97 98 9 8 92
pH 7 .5 7 7 .4 4 7 .1 8 7 .1 0 6 .8 5 6 .4 9
D o s e  (m g/L  a s  Al) 0 1 2 4 6 1 0
initial 4 8 .0 0 4 8 .0 0 4 8 .0 0 4 8 .0 0 4 8 .0 0 4 8 .0 0
S e ttle d 4 7 .9 0 8 .8 9 6 .1 3 4 .5 7 6 .9 6 1 .22
NTU re d u c tio n  (%) 0 81 8 7 9 0 8 6 9 7
F ilte red 2 7 .8 1 .9 6 1 .2 5 0 .6 4 0 .6 7 1 .22
F ilte re d  re d . (%) 4 2 9 6 9 7 9 9 9 9 97
pH 8 .1 3 7 .7 7 7 .5 0 7.21 6 .9 6 6 .6 0
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F a s t  mix 
S lo w  mix 
F iltra tion  
S e ttlin g  
T urt^d lly
rp m  mm 
5 0 0  
200
y e s 0
k ao lin
D o s s  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 4 3 .2 0 4 8 .2 0 4 8 .2 0 4 8 .2 0 4 8 .2 0 4 8 .2 0
S e ttle d 4 5 .3 0 1 0 .4 0 3 ,5 6 4.61 6 .5 0 B.7S
N Tli re d u c tio n  (% ) 6 7 8 9 3 90 8 7 6 6
F ilte red 2 7 .2 2 .4 5 0 .8 7 0 .8 2 0 .8 2 1 .34
F ilte red  re d .  (% ) 4 4 9 5 9 8 98 9 8 97
pH 8 .11 7 .6 8 7 .2 9 7 .01 6 .7 3 6 .3 5
F a s t  mix 
S to w  m ix 
F iltra tion  
S e ttlin g  
T urb id ity
rp m  m m  
5 0 0  
ZOO
y e s 0
kaolin
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 9 6 .5 0 9 6 .5 0 9 8 .5 0 9 6 .5 0 9 6 .6 0 9 6 .5 0
S e ttle d 9 2 .7 0 6 0 .2 0 7 .3 0 4 .8 7 7.01 1 0 .6 0
NTU red u c tio n  (% ) 4 38 9 2 95 93 8 9
F ilte red 5 9 1 9 .3 2 .1 0 .9 6 0 .7 2 1 .67
F ilte red  re d . (% ) 3 9 8 0 9 8 99 9 9 9 8
pH 8 .1 6 7 .7 6 7 .4 9 7 .2 6 7 .0 2 6 .6 6
F a s t  mix 5 0 0 2 F a s t  mix 5 0 0 2
S lo w  mix 2 0 0 15 S lo w  m ix 2 0 0 15
Filtra tion Filtra tion
S e ttlin g 0 3 0 S e ttlin g 0 3 0
T urbid ity kao lin
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 9 6 .6 0 9 6 .6 0 9 6 .6 0 9 6 .6 0 9 6 .6 0 9 6 .6 0
S e ttle d 9 2 .7 0 3 0 .5 0 1 0 .5 0 7 .1 8 8 .3 4 10 .7 0
NTU re d u c tio n  (% ) 4 6 8 8 9 9 3 91 8 9
F ilte red 59 12 .8 2 .9 3 0 .9 4 0 .6 9 2 .2 4
F ilte re d  re d . (% ) 39 8 7 9 7 9 9 9 9 9 8
pH 8 .1 6 7 .7 6 7 .4 9 7 .2 6 7 .0 2 6 .6 6
T urb id ity
D o se  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 7 8 .8 0 7 8 .8 0 7 8 .8 0 7 8 .8 0 7 8 .8 0 7 8 .8 0
S e ttle d 7 1 .7 0 1 6 .2 0 8 .1 6 4 .5 9 5 .0 3 8 .5 2
NTU red u c tio n  (%) 9 7 9 9 0 9 4 94 8 9
F ilte red 5 .7 2 2 .51 1 .0 9 0 .7 8 1.34
F ilte red  re d .  (% ) 9 3 97 9 9 99 98
pH 8.11 7 .6 6 7 .2 9 7 .01 6 .7 3 6 .3 5
F a s t  m ix 5 0 0 2 F a s t  mix 5 0 0 2
S lo w  mix 2 0 0 1 5 S lo w  m ix 2 0 0 15
F iltra tion y e s Filtra tion y e s
S e ttlin g 0 3 0 S e ttlin g 0 3 0
T urb id ity kao lin
D o se  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 6 9 .2 0 6 9 .2 0 6 9 .2 0 6 9 .2 0 6 9 .2 0 6 9 .2 0
S e ttle d 6 6 .5 0 2 5 .0 0 6 .3 0 4 .9 0 6 .5 4 7 .6 8
NTU re d u c tio n  (% ) 4 6 4 91 93 91 8 9
F ilte red 4 2 .4 8 .2 3 1 .27 0 .8 2 0 .9 3 2 .0 4
F ilte red  re d .  (% ) 3 9 8 8 98 9 9 9 9 97
pH 8 .1 0 7 .6 5 7 .3 0 6 .9 9 6 .7 0 6 .3 3
T urb id ity kaolin
D o s e  (m g/L  a s  At) 0 1 2 4 6 10
Initial 1 7 2 .0 0 1 7 2 .0 0 1 7 2 .0 0 1 7 2 .0 0 1 7 2 .0 0 1 7 2 .0 0
S e ttle d 1 6 4 .0 0 2 2 .0 0 9 .9 3 6 .1 6 8 .3 9 10 .8 0
NTU red u c tio n  (%) 5 8 7 94 9 6 95 9 4
F ilte red 97 .1 1 1 .6 2 ,1 1.01 2 .4 2 3 .8 8
F ilte red  re d . (%) 44 9 3 99 9 9 99 9 8
pH 8 .09 7 .5 8 7 .31 6 .9 8 6 .7 8 6 .4 2
F a s t  m ix 5 0 0 2 F a s t  mix 5 0 0 2
S lo w  mix 2 0 0 IS S lo w  m ix 2 0 0 15
Filtra tion y e s Filtra tion y e s
S e ttlin g 0 3 0 S e ttlin g 0 3 0
T urbid ity k ao lin
D o s e  (m g /L  a s  Al) 0 1 2 4 6 10
Initial 1 7 2 .1 0 1 7 2 .1 0 1 7 2 .1 0 1 7 2 .1 0 1 7 2 .1 0 1 7 2 .1 0
S e ttle d 1 6 4 .0 0 2 8 .5 0 1 1 .1 0 8 .7 7 1 2 .7 0 1 4 .9 0
NTU re d u c tio n  (% ) 5 8 3 9 4 95 9 3 91
F ilte red 9 7 .1 19 .3 3 .3 4 1 .37 1.2 3 .7 8
F ilte red  re d .  (% ) 4 4 8 9 98 9 9 9 9 9 8
pH 8 .0 9 7 .5 8 7 .31 6 .9 3 6 .7 8 6 .4 2
T urbid ity
D o se  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 12 3 .0 0 1 2 3 .0 0 1 2 3 .0 0 12 3 .0 0 1 2 3 .0 0 1 2 3 .0 0
S e ttle d 11 1 .0 0 1 2 .5 0 6 .5 2 3 .6 0 6 .2 7 7 .11
NTU red u c tio n  (% ) 10 9 0 9 5 97 9 6 94
F ilte red 7 3 .9 5 .0 8 1 .4 0 .5 0 .6 3 1 .73
F ilte red  re d . (% ) 4 0 9 6 99 1 00 9 9 9 9
pH 8 .0 8 7 .6 5 7 .4 1 7 .1 3 6 .8 8 6 .5 2
F a s t  m ix 5 0 0 2 F a s t  mix 5 0 0 2
S lo w  mix 2 0 0 15 S lo w  m ix 2 0 0 15
Filtra tion FiltraU on y e s
S e ttlin g 0 30 S e ttlin g 0 3 0
T urbid ity k ao lin
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 2 7 9 .0 0 2 7 9 .0 0 2 7 9 .0 0 2 7 9 .0 0 2 7 9 .0 0 2 7 9 .0 0
S e ttle d 2 2 0 .0 0 2 5 .2 0 6 .0 7 2 .3 0 3 .5 2 8 .01
NTU re d u c tio n  (% ) 21 91 98 9 9 9 9 9 7
F ilte red 150 2 1 .8 1 .75 1.1 0 .7 2 .0 9
F ilte red  re d .  (% ) 4 6 9 2 9 9 1 00 1 0 0 9 9
pH 7 .9 9 7 .6 5 7 .3 8 7 .1 0 6 .8 4 6 .4 8
T urbid ity
D o s e  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 3 1 9 .0 0 3 1 9 .0 0 3 1 9 .0 0 3 1 9 .0 0 3 1 9 .0 0 3 1 9 .0 0
S e ttle d 3 1 4 .0 0 1 6 .5 0 5 .0 6 3 .3 7 5 .1 5 8 8 1
NTU red u c tio n  (%) 2 9 5 9 8 9 9 9 8 9 7
F ilte red 170 1 6 .7 2 .1 3 0 .7 7 1 .3 8 1.8
F ilte re d  red . (%) 4 7 9 5 9 9 100 1 0 0 99
pH 8 .1 3 7 .7 6 7 .5 0 7 .2 4 7 .0 0 6 .6 5
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rpm rpm m in
F a s t  m ix 5 0 0 2 F a s t  mix 5 0 0  2
S io w  mix 2 0 0 15 S io w  m ix 2 0 0  15
F iltra tion y e s F iltra tion y e s
S ettlin g 0 3 0 S e ttlin g 3 0
Turb id ity T urb id ity
D o se  (m g/L  a s  Al) 0 1 2 4 6 10
Initial 2 3 0 .0 0 2 3 0 .0 0 2 3 0 .0 0 2 3 0 .0 0 2 3 0 .0 0 2 3 0 .0 0
S e ttle d 2 2 2 .0 0 2 6 .6 0 9 .9 2 6 ,1 3 1 2 .2 0 2 0 .9 0
NTU re d u c tio n  (% ) 3 8 8 9 6 97 9 5 91
F ilte red 1 12 2 7 .5 6 .3 4 3 .5 8 4 .81 7 .9 4
F ilte re d  re d .  (% ) 51 8 8 9 7 98 9 8 97
pH 8 .0 8 7 .7 2 7 .4 2 7 .1 7 6 .91 6 .5 8
D o s e  (m g/L  a s  Ai) 0 1 2 4 6 10
Initiai 2 2 5 .0 0 2 2 5 .0 0 2 2 5 .0 0 2 2 5 .0 0 2 2 5 .0 0 2 2 5 .0 0
S e t t le d 2 0 8 .0 0 1 7 .5 0 1 0 .7 0 5 ,3 3 8 .7 9 1 2 .2 0
NTU red u c tio n  (%) 10 9 2 9 5 96 98 9 5
F ilte red 122 3 2 .4 6 .8 4 3 .1 6 1 .64 1 5 .9
F ilte re d  re d . (%) 4 7 8 6 97 99 9 9 9 3
pH 8 .0 8 7 .7 2 7 .4 2 7 .1 7 6.91 6 .5 8
19 /1 1 /2 0 0 4
F a s t  mix 5 0 0 2 F a s t  mix 5 0 0 2
S lo w  mix 2 0 0 15 S lo w  m ix 2 0 0 15
F iltra tion y e s Filtra tion y e s
S e ttlin g 0 3 0 S e ttlin g 0 3 0
Turb id ity kao lin T urb id ity kaolin
D o s e  (m g/L  a s  Al) 0 2 4 6 8 10
Initial 1 3 4 .0 0 1 3 4 .0 0 1 3 4 .0 0 1 3 4 .0 0 1 3 4 .0 0 1 3 4 .0 0
S e ttle d 1 0 6 .0 0 4 .4 3 3 .1 9 1 .82 8 .8 0 9 .5 0
NTU re d u c tio n  (% ) 21 9 7 9 8 9 9 9 3 9 3
F ilte red 8 6 .8 7 .81 7 .6 3 3 .6 9 .9 3 31
F ilte red  re d . (% ) 35 9 4 9 4 97 9 3 77
D o s e  (m g/L  a s  Al) 0 2 4 6 8 10
Initial 2 6 2 .0 0 2 6 2 .0 0 2 6 2 .0 0 2 6 2 .0 0 2 6 2 .0 0 2 6 2 .0 0
S e ttle d 1 8 5 .0 0 7 .0 5 2 .3 2 6 .9 3 8 .1 2 6 .1 3
NTU red u c tio n  (%) 29 97 99 9 7 9 7 9 8
F ilte red 143 2 5 .4 9 .5 6 3 0 .1 3 9 .2 2 0
F ilte red  re d . (%) 4 5 9 0 98 89 85 9 2
F a s t  m ix 
S lo w  m ix 
F lllra tion  
S e ttlin g  
Turb id ity
rpm  m in 
5 0 0  
200
0
D o s e  (m g/L  a s  Al) 0 2 4 6 8 10
Initial 1 9 8 .0 0 1 9 8 .0 0 1 9 8 .0 0 19 8 .0 0 1 9 8 .0 0 19 8 .0 0
S e ttle d 1 5 8 .0 0 7 .8 4 2 2 .8 0 1 8 .5 0 3 1 .2 0 2 8 .8 0
NTU re d u c tio n  (% ) 20 9 8 8 8 91 8 4 85
F ilte red 110 8 .2 9 6 .4 2 2 .4 2 8 .8 3 5 .5
F ilte red  re d . (% ) 44 9 6 9 7 8 9 8 5 82
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APPENDIX C -  SPECTROPHOTOMETRIC DETERMINATION OF AL 
Materials:
8-hydroxyquinoline (Sigma-Aldiich)
Aluminium standai'd (Spectrosol - BDH-Merck): 1000 mg/L 
Ammonium hydroxide (Sigma-Aldrich): 14.8 M 
Butyl acetate (Sigma-Aldrich)
Glacial acetic acid (Fischer Scientific)
Nitric acid (ARISTAR - BDH-Merck); 15.8 N 
Phenol red (Sigma-Aldrich)
Sodium hydroxide (Fischer Scientific)
Reagents:
1 mg/L aluminium stock solution -  dilute 0.5 mL of aluminium standard to 500 mL (1.00 mL = 
1.00 }xg Al). Prepare daily as required.
1 % 8-hydroxyquinoline* - dissolve 10 g of 8-hydroxyquinoline in 25 mL of glacial acetic acid 
and dilute to 1 L.
10 M ammonium hydroxide solution* -  dilute 675.7 mL of 14.8 M ammonium hydroxide to 1 L.
pH 8.3 buffer solution* -  add 223 mL of 10 M NH4OH and 115 mL of glacial acetic acid to 
approximately 500 mL of deionised water; allow to cool, adjust pH to 8.3 with 10 M NH4OH 
or glacial acetic acid, dilute to 1 L, and check pH.
0.01 N sodium hydioxide solution -  dissolve 4.0 g of NaOH into 1000 mL to make a 0.1 N 
solution and dilute 10.0 mL of this solution to 100 mL to make a 0.01 N NaOH solution.
Phenol red pH indicator -  dissolve 0.1 g of phenol red into 28 mL of 0.01 NaOH and dilute to 
250 mL.
* This solution should be stable for several months (Bloom et al., 1978)
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Instrumentation:
UV-vis specti'ophotometer Helios a  (UNICAM) 
pH meter - Checker® (Hanna Instruments)
Procedure:
1. To two 50-mL extraction tubes, add 20 mL of deionised water. These tubes aie used as 
blanks to “zero” the spectrophotometer. Treat blanks exactly as samples in teims of 
reagent addition and
2. To a 50-mL extraction tube, add a volume of sample or standard not exceeding 20 |j,g Al. 
Record sample volume, and bring volume to 20 mL with deionised water. Repeat for all 
standards and samples.
3. Add 0.5 mL of concentrated nitric acid to each extraction tube. Cap the tube, shake, and 
allow to stand for 1 h. If a monomeric Al fraction is being determined, eliminate this step.
4. To each tube add the following reagents (under a fume cupboard):
• Several drops of phenol red pH indicator;
• 2.5 mL of 1 % 8-hydroxyquinoline;
• Sufficient 10 M ammonium hydroxide (NH4OH) to produce a colour change from 
yellow to red (pH = 8);
• 3.0 mL of pH 8.3 buffer; and
• 5.0 mL of butyl acetate.
Cap tube, and shake for 15 s. Allow at least 30 min for the butyl acetate to separate from the 
aqueous phase. The butyl acetate contains the alumino quinolate complex. If a monomeric 
fraction is being determined, add reagents as quickly as possible. A mock run of tliis 
procedure with a pH will allow a better estimation of the amount NH4OH required to get as 
close as possible to the desired pH.
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5. Using a disposable Pastern- pipette, fill the spectrophotometer sample cuvette with butyl 
acetate from an extraction tube and read absorbance at 395 nm. If iron is present, also 
read absorbance at 600 nm. Conections for Fe aie necessary when it is present at levels 
greater than 0.1 mg/L. Conections for Fe aie made by subtraction the absorbance 
resulting from the presence of Fe from the absorbance read at 395 mn. This conection is 
based on a correlation between absorbance of Fe at 600 nm and the absorbance at 395 
mn. This conelation is determined using Fe standards. The correction can be used for 
samples with both Al and Fe present because the alumino quinolate complex does not 
absorb at 600 nm.
6. From a standard curve for Al (see sample calibration curve below), determine the 
uncorrected Al concentration (mg/L) from absorbance readings.
11-08-04 Al calibration cui*ve
1200
1000
800
y = 1047.6X - 6.1096600
400
200
0.4000.000 0.200 0.600 0.800 1.000 
Absorbance (cm-1)
References:
Bloom, PR., Weaver, RM., and McBride, MB. (1978). "The spectrophotometric and flourometric 
determination of aluminum with 8-hydroxyquinoline and butyl acetate extraction." Soil 
Science Society o f America - Journal, vol. 42, pp 713.
Van Benschoten, JE. and Edzwald, JK. (1990). “Measuring Aluminum During Water Treatment: 
Methodology and Application.” Journal o f the American Water Works Association, vol. 82 
(5), pp. 71-78.
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APPENDIX D -  FRACTIONATION PROCEDURE FOR DISSOLVED AL 
Materials:
Amberlite IR-120 Plus resin (Sigma-Aldrich): sodium form -  16-50 wet mesh;
Chromatography colunrn (Scientific Glass Laboratories Ltd.): 1 cm ID and 30 cm height fitted 
with a sintered glass bottom and PTFE stopcock control valve;
Sodium cliloride -  analytical reagent (Fisons Scientific)
Hydrochloric acid (Fisher Scientific)
Reagents:
10'  ^M sodium chloride (NaCl) solution (pH = 3) -  dissolve 58.5 mg of NaCl in about 950 mL of 
deionised water. Adjust pH to 3.0 using 0.1 N HCl and dilute to 1 L and check pH.
Instrumentation :
UV-vis specti'ophotometer Helios (Unicam) 
pH meter - Checker® (Hanna Instruments)
Procedure:
1. Prépaie resin by stimng 15 g of resin into approximately twice the volume of deionised 
water in a suitable sized beaker for several minutes. Add more water if the sluii-y 
becomes too thick. After stirring it may be found that the supernatant is turbid. Decant 
the turbid supernatant and any floating beads that aie of no use. Replace the decanted 
volume of water and repeat this operation until supernatant is clear. The resin tends to 
swell when wet and hence should never be placed di v in the column as this could shatter 
the glass with its expansion.
2. Before decanting the sluiry into the column, ensure that the column is half filled with 
deionised water (approximately 10 niL) and that there is no air trapped below the sintered 
glass support. The resin should settle and form a packed bed. As the column is being 
filled drain appropriate volumes of water to accommodate more sluri*y by slightly 
opening the stopcock valve. 10 mL of resin is necessary for this analysis. Ensuie that
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there is about 0.5 to 1.0 cm of deionised water above the resin level. Never allow the 
liquid level di*op below the resin as air may be tiapped between the beads and cause 
channelling. Ensure column is on a vertical position.
3. Prepar e column prior to each sample by passing 50 to 60 mL of the 10'  ^M NaCl solution 
(pH = 3) through the column. This should displace some of the exchangeable hydrogen 
ion v i^th sodium, resulting in a resin that contained both hydrogen and sodium ions on 
exchange sites (Driscoll, 1984). During the sample analysis the pH change of the column 
effluent should be minimised by such procedure. If the pH change is significant, the 
equilibrium between organic and inorganic aluminium species will be disturbed and 
consequently lead to the incorrect measurement of the organic and inorganic fraction of 
dissolved aluminium. That is, competition between hydrogen ions and aluminium for 
dissolved organic matter present in water would occur*. Up to 50 samples can be analysed 
before a new column must be prepared (Rogeberg and Henriksen, 1985).
4. A filtered (0.45 pm) sample of approximately 60 mL is necessary for this analysis. Pass 
the sample through the column at a rate of about 15 mL/min (Van Benschoten and 
Edzwald, 1990). Discard the first 30 to 35 mL and tlien collect 20 mL for 
spectrophotometric analysis. Verify that no organic carbon has leached fiom the resin by 
running a UV scan (pattern) from 220 to 360 nm for samples before and after column 
treatment, as recommended by Srinivasan et al. (1998). Resulting curves should be 
featureless curves with no sharp peaks and increasing absorbance with decreased 
wavelength (Srinivasan et al., 1998).
5. Process one sample without acidification for the determination of the dissolved organic 
monomeric aluminium.
6. Dissolved organically bound aluminium (total) is determined by acidification of a cation- 
exchanged sample.
References:
Bloom, PR. and Erich (1989). “The Quantitation of Aqueous Aluminum.” In: The Environmental 
Chemistry o f Aluminum, pp. 1-27. Sposito, G. ed., CRC Press Inc., Boca Raton, FL.
Driscoll, CT. (1984). “A procedure for the fractionation of aqueous aluminium in dilute acidic 
waters.” InternationalJournal o f Analytical Chemistry, vol. 16 (4), pp. 267-284.
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determination of aluminum species in fresh-waters.” Vatten, vol. 41 (1), pp. 48-53. Cited 
by Bloom and Erich (1989).
Srinivasan, PT., Viraiaghavan, T., Kai'dash, B., and Bergman, J. (1998). “Aluminum Spéciation 
During Drinking Water Treatment.” Water Quality Research Journal o f Canada, vol. 33
(3), pp. 377-388.
Van Benschoten, JE. and Edzwald, JK. (1990). “Measuring Aluminum During Water Treatment: 
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APPENDIX E -  CONSTANT FLOW GRAVITY DOSER
Chemical (e.g. chlorine or aluminium sulfate) dosing at a constant rate is important in water 
treatment applications for control purposes. In situations where resources are limited and/or 
emergencies, sophisticated dosing schemes may not be available or affordable. This technical 
sheet describes the principal and details the construction o f a simple constant flow gravity dose. 
A worked example on pertinent calculations is also presented.
Maintaining a constant dosing rate.
Once the correct dose of either chlorine or aluminium sulfate have been detennined by demand 
or jai' tests, respectively, the next step is to dose these chemicals. Dosing of chemicals should 
take place in a location of the tieatment stream where adequate mixing can occur, e.g. upstream 
of a weir, bend, water meter or some point with sufficient turbulence (Figure E.l).
Oulet
Figure E .l. Chemical dosing at a point o f  turbulence for mixing (WHO, 1997).
In the case of coagulation, maintaining a constant dosage rate is important to ensure that the 
process occuis in a controlled manner as close as possible to the optimum dose. In disinfection 
an iiTcgular dosing rate can result in either too little chlorine to render pathogens unviable and 
guarantee residual amount for the distribution system. Also, if the dosing is beyond the optimal 
quantity, taste and odour problems due to excessive chlorine may occur. This can lead to 
consumer complaints and preference for other unsafe water sources that are more palatable.
A variety of dosers ranging jfrom very simple to more complex designs are described in Assar 
(1971), Pickford (1977), Cairncross and Feachem (1993), Skinner (2001) and WHO (1997). The 
reader is referred to the original sources for more details on the principal and constmction of
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these. Specific references on disinfection (e.g. Pair et al., 1999; White, 1999) and coagulation 
(e.g. Bratby, 1980) aie available elsewhere.
The constant flow gravity doser: how it works and construction details.
; Discharge open to atmosphere 
• (never submerged!)
Figure E.2(a and b). Constant flow does not depend on tank level (a); The head (H) and orifice diameter (d) determine
the flow rate (b).
The doser presented here relies on a constant head (or pressure) to drive the chemical solution. 
This doser has been chosen as it is relatively simple to constiuct and calibrate. Also, tests 
revealed that it has perfomied well, delivering a constant flow for several days. The principal is 
that the float maintains a constant head at the orifice of the tee. Hence, even as the solution level 
in the tank goes down the flow will still be constant (Figure D.Ea). These are also known as 
floating draw-off dosers. The diameter of the orifice (d) and its head (H) will determine the flow 
(Figure E.2b). The air bleed on the float can be used to adjust H  and will only work if the 
discharge of the doser is open to the atmosphere (i.e. must not be submerged!). For this reason a 
valve or clamp at the end of the dosing tube/hose can be placed to shut the doser on/off, not for 
flow control.
Table E .l, Flow rates o f  several orifice diameters tested over a range o f  depths.
Orifice diameter “d” (mm) Depth “H” (cm) Flow range (L/h)
1.6 2.5 to 10.5 1.9 to 4.4
3.2 2.5 to 10.5 13.0 to 29.4
4.0 2.5 to 10.5 22.2 to 52.1
6.0 2.5 to 7.5 60.5 to 109.5
As a starting point. Table E.l provides achievable flow rates of dosers tested with several orifice 
sizes over a range of H values. Adjusting the flow is simple and is done by altering the depth at 
which the orifice is located. A stopwatch and measuring cylinder can be used to do this. 
Remembering that when measuring flows by displaced volume over a certain time it is advisable 
to make measurements over at least 20 seconds for more accuracy. For safety reasons it is best to
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test the doser first with water. If flow adjustments need to be made, remember to wear protective 
cloathing/equipment (e.g. thick rubber gloves, safety glasses).
The tee can be placed either upside-down or sideways (Figure E.3), whichever way fits the stock 
solution container more conveniently. Construction of the doser can be done with standard 
plumbing, medical supply or laboratory fittings, so long as they will not react with the stock 
solution. PVC, polyethylene or glass can all be used. The basic design can be scaled-up or down 
to suit the required dosing rate. Although small orifices (less than 1 mm) may clog. Orifices can 
be made by drilling or melting a hole in a cap to fit the tee. A rubber hunger or a jubilee clip can 
be used to adjust the height of the orifice in relation the the water (H).
m
Figure E .3, Tee can be placed upside down or sideways depending on the
geometry o f  the stock solution reservoir.
The only requirement for this type of doser is a constant flow of water in the treatment works. 
Also this doser must be switched off by the operator when flow in the treatment works is 
stopped.
A worked example: calculation of dosing rate, orifice size, and stock solution concentration.
A series of jai-tests were conducted and indicated that optimum dose (D) of 30 mg/L of alum for 
turbidity reduction in a treatment works delivering 2000 L/h (F) for 4 consecutive hours. A 100 
L plastic baiTcl is available to be used as constant flow gravity doser.
Suppose only 50 L of the baiTel will be used, then the dosing rate will be equal to that volume 
divided by the number of hours of operation (h). Hence the dosing rate (DR) is equal to 12.5 L/h 
(50 L 4 h), which is equivalent to 3.47 mL/sec. From Table 1 the suitable orifice diameter (d) 
to be chosen is between 1.6 and 3.2 mm.
Remembering that in order to calibrate the flow, at least 20 seconds are needed for a more 
accurate measirrement. Therefore, the height of the orifice in relation to the water level (H)
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should be adjusted until approximately 70 mL (« 3.47 mL/sec x 20 sec) can be dispensed in 20 
seconds (or as close as possible).
Per day a total of 8000 L (2000 L/h x 4 h) of water are to be treated. Hence, the daily 
requirement of alum is of 240 g (8000 L x 30 mg/L = 240000 mg, 1000 mg = 1 g). The stock 
solution concentration is calculated by dividing the daily requirement (F x D x h) by the volume 
(V) available in the stock solution container (50 L). Hence the stock solution concentration is of 
240 g of alum dissolved in to 50 L. this will result in a concentration of 4.8 g/L (or 4800 mg/L).
Dosing rate;
Stock solution concentration:
DR = Dosing rate [L/h]
V = Volume o f  stock solution container [L] 
h = Hours in which the system will operate [h] 
S = Stock solution concentration [ m ^ ]
F = Flow rate o f  water treatment system [L/h]
V
D R  = — (choose orifice diameter { d )  from Table 1)
This example is of a hypothetical situation concerning coagulant dosing, but the same calculation 
can be adapted for disinfection with calcium hypochlorite.
Remember:
• Materials used to construct the doser should not react with the chemical to be dosed PVC, 
polyethylene, and glass are all suitable for chlorine and aluminium sulfate.
• Doser outlet should never be submerged.
• Precipitates may form in the (alum or chlorine) stock solution, so check and clean the 
orifice and outlet of the doser daily.
• Chlorine stock solutions and chlorinated water should be protected from sunlight, as this 
can reduce its strength and protective residual. The stock solution concentrations should 
be between 1 to 3 % (10 to 30 g/L).
• Chlorine needs at least half an hour in contact with water to disinfect it. It is therefore 
applied before the water enters a storage tank, so that it can take effect during storage. 
Otherwise a contact basin with a half hour residence time is necessary.
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• Alum and chlorine doses vaiy seasonally and from source to source. Deteimine optimal 
doses regularly.
• Provide for spare parts, so as to not compromise the water treatment scheme if something
needs to be repaired or replaced.
• Evolution of constant rate gravity dosers has been fuelled by creativity and improvisatio
of their inventors. Sharing experience in medium such as Waterlines (ITDG Publishing) 
contributes to a faster dissemination of adequate technologies that can potentially bring 
the benefits of a safe water supply to people.
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APPENDIX F -  SSF COLUMN TRIALS (STATISTICAL ANALYSES)
F .l Filtration rate 
Table F .l .  Daily filtration rate (/'fm^/m^hD averages o f  slow  sand Filters A  and B, Runs no. I to 6.
Run time Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
(d) A B A B A B A B A  B A  B
0 0.198 0.206 0.154 0.150 0.151 0.149 0.071 0.078 0.145 0.148 0.064 0.069
1 0.162 0.160 0.156 0.156 0.159 0.152 0.078 0.069 0.146 0.146 0.078 0.071
2 0.159 0.154 0.153 0.160 0.159 0.154 0.076 0.079 0.152 0.144 0.073 0.076
3 0.152 0.154 0.161 0.160 0.160 0.156 0.076 0.073 0.156 0.158 0.076 0.078
4 0.157 0.155 0.150 0.144 0.163 0.155 0.078 0.075 0.159 0.156 0.070 0.064
5 0.159 0.154 0.157 0.155 0.079 0.078 0.158 0.152 0.078 0.080
6 0,157 0.152 0.151 0.153 0.083 0.076 0,154 0.144 0.079 0.082
7 0.151 0.152 0.152 0.156 0.074 0.078 0.146 0.151 0.075 0.077
8 0.157 0.152 0.168 0.160 0.077 0.077 0.075 0.077
9 0.156 0.152 0.157 0.152 0.075 0.077 0.076 0.079
10 0.155 0.151 0.146 0.146 0.075 0.076 0.075 0.073
11 0.157 0.146 0.148 0.148 0.078 0.073 0.079 0.072
12 0.159 0.154 0.154 0.154 0.079 0.075 0.084 0.081
13 0.159 0.158 0.151 0.152 0.082 0.079
14 0.155 0.153 0.160 0.145 0.078 0.076
15 0.149 0.157 0.148 0.152 0.080 0.079
16 0.148 0.154 0.151 0.151
17 0.152 0.157 0.155 0.149
18 0.154 0.156 0.151 0.155
19 0.156 0.155
20 0.152 0.149
21 0.152 0.149
22 0.153 0.154
23 0.154 0.153
24 0.153 0.153
25 0.153 0.152
26 0.152 0.152
27 0.150 0.147
Table F.2. Comparison* o f  filtration rates (/'[m^/m^hl) o f  slow sand filters A  and B, Runs no. 1 to 6.
Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
Filter A  mean (n) 
Filter B  mean (n)
0 .156(28)  
0.155 (28)
0 .155(5 )
0 .1 5 4 (5 )
0 .155(19)
0 .152(19)
0.078 (16) 
0.076 (16)
0.152 (8) 
0.150 (8)
0.075 (13) 
0.075(13)
Degrees o f  freedom 27 4 18 15 7 12
Hypothesised
difference 0 0 0 0 0 0
fstat 1.406 0.367 1.993 1.448 1.067 0.154
^critical 2.771 4.604 2.878 2.947 3.499 3.055
Significant difference? 
(a  =  0.01) No No No No No No
p-value 0.171 0.732 0.062 0.168 0.322 0.880
* Two-tailed paired t-test (1 % significance level).
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F.2 pH
Table F.3. Daily effluent pH averages o f slow sand filters A and B, Runs no. 1 to 6.
Run time Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
(d) A B A B A B A B A B A B
0 7.20 7.32 7.59 7.56 7.17 7.35 7.34 7.70 8.04 7.98 7.49 7.47
1 7.81 7.80 7.53 7.48 7.77 7.76 8.34 8.36 8.18 8.18 7.65 7.78
2 7.61 7.64 7.43 7.38 7.67 7.67 8.51 8.54 8.22 8.22 7.89 7.91
3 7.75 7.73 7.38 7.35 7.64 7.64 8.27 8.25 8.14 8.15 7.67 7.66
4 7.69 7.69 7.41 7.37 7.61 7.61 8.09 8.09 8.17 8.16 7.62 7.48
5 7.72 7.69 7.63 7.63 8.09 8.10 8.12 8.14 7.76 7.86
6 7.73 7.73 7.60 7.59 8.23 8.25 7.96 8.00 7.72 7.77
7 7.78 7.76 7.78 7.79 8.14 8.15 7.66 7.74 7.68 7.77
8 7.71 7.71 7.81 7.80 8.05 8.05 7.74 7.81 7.63 7.70
9 7.76 7.75 7.78 7.77 8.00 8.03 7.88 - 7.64 7.77
10 7.80 7.80 7.73 7.72 8.04 8.05 7.42 7.48
11 7.82 7.76 7.65 7.67 8.07 8.12 7.65 7.68
12 7.71 7.75 7.61 7.63 8.13 8.15 7.77 7.91
13 7.75 7.74 7.63 7.64 8.08 8.11 7.84 8.03
14 7.79 7.79 7.64 7.66 7.97 7.98 7.79 7.98
15 7.82 7.81 7.64 7.67 7.92 7.94
16 7.80 7.83 7.66 7.70 7.88 7.89
17 7.86 7.86 7.71 7.76
18 7.86 7.86 7.73 7.83
19 7.87 7.85
20 7.88 7.87
21 7.88 7.87
22 7.87 7.86
23 7.85 7.86
24 7.81 7.78
25 7.71 7.69
26 7.60 7.61
27 7.57 7.56
28 7.57 7.57
Table F.4. Comparison* o f  effluent pH o f  slow  sand filters A  and B, Runs no. 1 to 6.
Run no. 1 Run no. 2 Run no, 3 Run no. 4 Run no. 5 Run no. 6
Filter A  mean (n) 
Filter B mean (n)
7.74 (29)
7.74 (29)
7.47 (5) 
7.43 (5)
7.65 (19) 
7 .68(19)
8 .07(17)
8 .10(17)
8.03 (9)
8.04 (9)
7.68 (15) 
7.75 (15)
Degrees o f  fi-eedom 28 4 18 16 8 14
Hypothesised
difference 0 0 0 0 0 0
fstat 0.229 9.458 -2.305 -1.713 -1.197 -3.056
fcritical 2.763 4.604 2.878 2.921 3.355 2.977
Significant difference? 
( a - 0 .0 1 ) No Yes No No No Yes
p-value 0.821 0.0007 0.033 0.106 0.266 0.009
* Two-tailed paired t-test (1 % significance level).
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F.3 Temperature
Table F.5. Daily effluent temperature (°C) averages o f slow sand filters A  and B, Runs no. 1 to 6.
Run time Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
(d) A B A B A B A B A B A B
0 - - 19.2 19.2 21.1 21.3 22.5 23.5 21.5 21.6 20.8 20.9
1 - - 19.6 19.7 21.8 21.8 23.6 23.6 22.4 22.5 21.4 21.4
2 - - 20.7 20.7 21.9 21.9 23.5 23.5 21.5 21.7 21.0 21.0
3 18.0 18.3 22.0 21.9 20.9 20.9 23.7 23.7 22.6 22.6 22.9 22.8
4 19.7 19.5 21.9 21.8 20.6 20.6 23.5 23.5 20.9 20.9 23.5 23.4
5 20.7 20.6 20.9 20.9 23.2 23.4 20.5 20.6 21.6 21.7
6 20.2 20.1 20.9 20.9 23.9 24.0 21.0 21.1 21.4 21.4
7 19.3 19.3 21.2 21.3 23.8 24.1 21.3 21.4 22.7 23.0
8 19.7 19.6 21.9 21.8 24.3 24.5 20.6 21.4 23.0 23.0
9 19.9 19.8 22.0 22.1 24.7 24.9 24.2 - 22.2 22.2
10 19.6 19.6 21.2 21.2 24.0 24.1 24.2 24.2
11 20.4 20.5 21.3 21.3 23.3 23.2 24.4 24.5
12 20.4 20.4 21.4 21.3 21.8 22.0 22.5 22.6
13 20.3 20.3 20.5 20.5 22.0 22.1 21.6 21.7
14 20.2 20.2 21.0 21.1 22.0 22.1 23.0 23.0
15 19.0 19.0 21.7 21.6 22.8 22.8
16 17.4 17.3 21.8 21.6 23.2 23.1
17 17.2 17.1 21.6 21.5
18 18.7 18.6 21.6 21.8
19 19.2 19.1
20 19.3 19.2
21 19.3 19.2
22 19.5 19.3
23 17.9 17.8
24 17.3 17.2
25 18.3 18.3
26 19.3 19.2
27 19.9 19.8
28 19.5 19.5
Table F.6. Comparison* o f  effluent temperatures (°C) o f  siow  sand filters A  and B, Runs no. 1 to 6.
Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
Filter A  mean (n) 
Filter B mean (n)
19.2(26) 
19.2 (26)
20.7 (5)
20.7 (5)
21.3 (19) 
21 .3 (1 9 )
23.3 (17)
23.4 (17)
2 1 .4 (9 )
2 1 .5 (9 )
22 .4 (1 5 )
22 .4 (1 5 )
Degrees o f  freedom 25 4 18 16 8 14
Hypothesised
difference 0 0 0 0 0 0
fsint 2.211 0.792 -0.103 -2.117 -1.748 -1.069
c^ritical 2.787 4.604 2.878 2.921 3.355 2.977
Significant difference? 
(a  =  0.01) No No No No No N o
p-value 0.036 0.472 0.919 0.050 0.119 0.303
* Two-tailed paired t-test (1 % significance level).
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F.4 Turbidity
Table F.7. Daily effluent turbidity (NTU) averages o f slow sand filters A and B, Runs no. 1 to 6.
Run time Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
(d) A B A B A B A B A B A  B
0 1.65 1.55 1.10 0.78 3.43 2.80 1.90 2.33 3.18 3.15 1.74 1.64
1 2.03 1.89 0.53 0.42 3.48 3.43 2.90 2.16 2.55 2.43 1.36 1.14
2 0.80 0.61 0.41 0.36 2.14 2.28 1.94 1.61 2.07 2.06 1.36 1.25
3 0.47 0.39 0.36 0.35 1.61 1.79 1.48 1.40 1.68 1.76 1.05 0.98
4 0.37 0.32 0.31 0.32 1.23 1.36 1.33 1.29 1.56 1.58 0.82 0.75
5 0.33 0.33 0.84 0.98 1.34 1.26 1.62 1.64 0.72 0.65
6 0.30 0.28 0.66 0.80 1.25 1.19 1.28 1.39 0.68 0.63
7 0.28 0.28 0.54 0.61 1.32 1.21 0.83 0.98 0.57 0.59
8 0.31 0.29 0.39 0.42 1.25 1.12 0.67 0.76 0.54 0.54
9 0.29 0.28 0.33 0.33 1.25 1.05 0.57 0.51 0.54
10 0.29 0.29 0.30 0.30 1.04 0.94 0.52 0.53
11 0.29 0.30 0.30 0.30 0.92 0.86 0.53 0.54
12 0.29 0.29 0.30 0.30 0.93 0.86 0.63 0.61
13 0.26 0.26 0.30 0.31 0.75 0.82 0.67 0.65
14 0.27 0.27 0.30 0.31 0.80 0.85 0.64 0.62
15 0.31 0.30 0.31 0.32 0.74 0.77
16 0.27 0.28 0.32 0.32 0.50 0.55
17 0.27 0.27 0.31 0.34
18 0.25 0.26 0.31 0.35
19 0.30 0.26
20 0.30 0.31
21 0.30 0.31
22 0.30 0.27
23 0.29 0.27
24 0.25 0.26
25 0.25 0.25
26 0.25 0.25
27 0.25 0.24
28 0.25 0.28
Table F .8 .  Comparison* o f  effluent turbidity (NTU) o f  slow sand filters A  and B, Runs no. 1 to 6.
Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
Filter A  mean (n) 
Filter B mean (n)
0.42 (29) 
0.39 ( 2 9 )
0.54 (5) 
0.44 (5)
0.92 (19) 
0.93 (19)
1.27(17)
1.19(17)
1 .72(9)
1 .75(9)
0.82 (15) 
0 .7 8 (1 5 )
Degrees o f  freedom 28 4 18 16 8 14
Hypothesised
difference 0 0 0 0 0 0
fstat 2.400 1.578 -0.348 1.418 -1.273 2.646
fcrilica! 2.763 4.604 2.878 2.921 3.355 2.977
Significant difference? 
(a  =  0.01) No N o N o No No No
p-value 0.023 0.190 0.732 0.175 0.239 0.019
* Two-tailed paired t-test (1 % significance level).
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F.5 Dissolved Oxygen
Table F.9. Daily effluent dissolved oxygen (mg/L) averages o f slow sand filters A and B, Runs no. 1 to 6.
Run time Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
(d) A B A B A B  A B A  B A B
0 3.62 3.51 6.21 6.11 7.16 6.91 6.70 6.75 7.43 7.23 7.69 7.52
1 3.41 3.80 5.48 5.26 6.03 6.06 6.77 6.94 6.81 6.67 6.33 6.99
2 4.67 4.67 4.39 4.01 6.00 5.97 6.59 6.64 5.98 5.90 6.73 6.84
3 5.38 4.39 2.94 2.69 5.99 6.08 5.74 5.60 5.37 5.32 5.73 5.78
4 4.26 4.09 2.88 2.61 6.02 6.01 5.53 5.44 5.71 5.58 5.16 4.96
5 6.14 6.06 5.71 5.73 5.42 5.29 5.61 5.58 5.19 5.30
6 6.22 6.14 5.79 5.80 5.15 5.26 5.16 5.08 4.79 4.94
7 6.88 6.99 5.83 5.81 5.35 5.33 4.72 4.89 4.38 4.70
8 6.98 6.99 5.71 5.69 5.26 5.26 4.94 5.06 4.19 4.40
9 7.18 7.09 5.14 5.12 4.97 5.16 4.51 3.99 3.99
10 6.12 6.02 4.55 4.53 4.85 4.72 3.58 3.42
11 5.39 5.16 4.26 4.31 5.25 5.19 3.78 3.61
12 6.24 5.84 3.76 3.76 5.48 5.28 4.46 4.23
13 6.51 6.40 4.25 4.22 5.17 5.22 4.91 4.89
14 5.75 5.67 4.18 4.16 4.69 4.91 4.63 4.64
15 6.40 6.27 4.21 4.16 4.28 4.50
16 6.62 6.67 4.57 4.40 3.27 2.80
17 6.92 6.94 4.59 4.50
18 6.60 6.50 4.67 5.07
19 6.12 6.02
20 5.34 5.31
21 5.34 5.31
22 4.39 4.47
23 5.21 5.29
24 4.97 4.90
25 4.69 4.18
26 3.32 3.21
27 2.70 2.57
28 2.55 2.58
Table F.IO. Comparison* o f  effluent dissolved oxygen (mg/L) o f  slow sand filters A  and B ,  Runs no. 1 to 6.
Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
Filter A  mean (n) 
Filter B  mean (n)
5.38 (29) 
5.29 (29)
4.38 (5) 
4 .1 4 (5 )
5 .18 (19)
5 .17 (19)
5 .32(17) 
5.31 (17)
5.75 (9) 
5.70 (9)
5.04 (15) 
5 .08(15)
Degrees o f  fi^eedom 28 4 18 16 8 14
Hypothesised
difference 0 0 0 0 0 0
fstat 2.305 5.494 0.233 0.265 1.168 -0.719
fcritical 2.763 4.604 2.878 2.921 3.355 2.977
Significant difference? 
(a  =  0.01) No Yes No No No No
p-value 0.029 0.005 0.818 0.795 0.276 0.484
* Two-tailed paired t-test (1 % significance level).
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F.6 Faecal coliforms
Table F .l l .  Daily effluent turbidity (NTU) averages o f slow sand filters A and B, Runs no. 1 to 6.
Run time Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
(d) A B A B A B A B A B A B
0 82 120 16 9 20 5 0 0 80 64 3 2
1 650 690 0 0 0 0 1 2 1 3 14 3
2 63 37 0 0 2 5 1 1 2 2 4 1
3 11 14 0 2 1 0 2 2 14 7
4 2 5 0 0 0 0 3 3 7 5
5 1 1 0 0 1 0 1 0 2 2
6 0 0 0 0 1 0 2 1 1 0
7 1 1 0 0 1 0 1 0 0 0
8 0 0 0 0 0 1 4 — 0 0
9 0 1 0 0 0 0 2 1
10 0 0 0 0 0 0 1 2
11 0 1 0 0 0 0 0 0
12 0 0 1 0 0 1 2 1
13 0 0 0 0 0 1 1 3
14 0 0 1 0 0 1
15 0 1 0 0 0 0
16 1 0 0 0
17 0 0 0 0
18 0 0
19 0 0
20 0 0
21 0 0
22 0 0
23 0 0
24 0 0
25 0 0
26 0 0
27 0 0
Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
Filter A  mean (n) 
Filter B  mean (n)
29 (28) 
31 (28)
5 (3 )
3 (3 )
1(18)
1(18)
0.28 (16) 
0.38 (16)
1 1(8 )
9 (8 )
4 (1 4 )
2 (1 4 )
Degrees o f  freedom 27 2 17 15 7 13
Hypothesised
difference 0 0 0 0 0 0
fstat -0.965 0.211 0.726 -0.960 1.007 2.005
fcritical 2.771 9.925 2.898 2.947 3.499 3.012
Significant difference? 
(a  = 0.01) No No No No No No
p-value 0.343 0.423 0.478 0.352 0.347 0.066
* Two-tailed paired t-test (1 % significance level).
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F.7 UVA-254
Table F .l l .  Daily effluent UVA-254 (cm"') of slow sand filters A and B, Runs no.* 1, 3, and 4.
Run time Run no. 1 
A B
Run no. 2 
A  B
Run no, 3 
A  B
Run no. 4 
A  B
Run no. 5 
A B
Run no. 6 
A B
0
1 0.049 0.051 0.055 0.054
2 0.045 0.045 0.047 0.046
3 0.044 0.043
4 0.046 0.044
5 0.050 0.049 0.056 0.056
6 0.058 0.055 0.047 0.048 0.065 0.065
7 0.075 0.075
8 0.079 0.075 0.071 0.071
9 0.060 0.057 0.049 0.047 0.072 0.073
10 0.072 0.073
11 0.053 0.054
12 0.051 0.051
13 0.062 0.061 0.051 0.053
14 0.060 0.063 0.054 0.054
15 0.059 0.058 0.053 0.054
16 0.057 0.056 0.056 0.059
17 0.059 0.057 0.057 0.058
18 0.059 0.059
19 0.056 0.057
20 0.059 0.056
21 0.056 0.056
22 0.055 0.056
23 0.051 0.051
24
25 0.052 0.051
26 0.051 0.052
27 0.048 0.048
28
* Not monitored during Runs no. 2, 5, and 6.
Run no. 1 Run no. 2 Run no. 3 Run no. 4 Run no. 5 Run no. 6
Filter A  mean (n) 
Filter B mean (n)
0.057 (22) 
0.056 (22)
0.051 (12) 
0.052 (12)
0.067 (5) 
0.068 (5)
Degrees o f  fi-eedom 21 11 4
Hypothesised
difference 0 0 0
fstat 1.722 -0.804 -1.633
fcritical 2.831 3.106 4.604
Significant difference? 
(a  =  0.01) No No No
p-value 0.100 0.438 0.178
* Two-tailed paired t-test (1 % significance level).
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